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PKEFACE. 



This book is intended to supply the widely felt want of 
a work at once easy enough for a class reading-book and 
precise enough for a text-book. Great pains have been 
taken to make every statement as plain as possible, and 
to put every sentence into the form which will render it 
easiest to understand at first hearing. Familiar language 
whenever available has been preferred to the use of 
technical terms, as it is not desirable to encumber begin- 
ners with any names beyond what they need for con- 
veniently expressing their ideas. Algebraic formulae 
have been altogether excluded. 

The woodcuts with which the work is profusely illus- 
trated are not thrown in for mere ornament, but have 
been carefully designed and selected for the elucidation 
of the text, and are fully explained. To avoid distract- 
ing the attention of the reader, and at the same time 
permit reference when required, the technical names of 
pieces of apparatus have in many cases been indicated in 
the titles of the figures, though not used in the text. In 
like manner, in the index, several words are introduced 
which do not occur in the body of the work. 

As regards completeness, the aim has been to include 
leading principles in so far as they can be made plain to 
beginners, and to omit such topics as, from their inherent 
difficulty, are better deferred to a later stage. 
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The Metre is about one ten-millionth of the 
distance from the equator of the earth to one of 
the poles, and is equal to 3*281 ft. or 39*37 in. The 
Decimetre is one-tenth of the metre; and the 
cubio decimetre is the Litre, which is used for 
the measurement of capacity in the case of liquids 
and gases. The Centimetre is the hundredth of 
the metre, and is about *4 of an inch, or ^n of a 
foot. The Millimetre is the thousandth of the 
metre or about ^ of an inch. 

The annexed scale contains 10 centimetres each 
divided into 10 parts, which are millimetres. 

The French system of weights is founded on the 
centimetre. A cubic centimetre of cold water 
weighs one gramme, so that the volume of any 
quantity of cold water expressed in cubic centi- 
metres (c.c. ) is the same as its weight in grammes, 
and the weight of any body is equal to its volume 
in c.c. multiplied by its specific gravity (the spe- 
cific gravity of cold water being 1). 

Water has the peculiarity of contracting as it 
is warmed from 0° C. to 4° C, and then expand- 
ing as it is still further warmed, so that it occupies 
less space (or is more dense) at 4° C. than at any 
other temperature. It is at or very near this 
temperature that the weight of a cubic centimetre 
of water is exactly a gramme. 

A cubic foot of water weighs a little less than 
1000 oz. or 62 J lbs., and a gallon of water weighs 
10 lbs. 

A cubic decimetre of water at 4° C. weighs 
1 kilogramme or 1000 grammes, which is about 
2*2 lbs. avoir.; 1 gramme is about 15*4 grains or 
Ag of an ounce avoir. 
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Chapter L— rNTUfcDUCTORY. 






1. Natural Philosophy in ^Jis Jtfppadest sense is the 
science which treats of the properties of matter. 

2. There are some properties which belong to all kinds 
of matter alike, without distinction of degree. 1- 

One of these is the property of inertia, whiubrmay be 
thus stated: — Every body which is once at rest .tefjfis. to 
remain at rest, and every body which is once in m^wn 
tends to continue moving with uniform speed in a straight 
course. Motion in a straight line with uniform speed is 
the only motion that a body can have if left to itself, and 
not pushed or pulled by other bodies. 

Whenever a body at rest begins to move, or a body in 
motion moves in a curve, or moves faster or slower, it 
exhibits the "tendency" of which we have spoken, by 
offering resistance. A heavy garden-roller on a level 
pavement starts slowly and gradually when we pull it, 
and we feel it pulling us backwards as we pull it for- 
wards. Again, when we have given it a good speed and 
try to stop it, we feel it pushing us forward as we push 
it in the backward direction, and we cannot stop it all at 
once. This illustrates the tendency to resist change of 
speed. The tendency to resist change of direction — that 
is, to resist anything which produces deviation from a 
straight line — is illustrated by swinging a weight round 
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# . # Jn»£ # horizontal circle by means of a string which we hold 
•••/•. in our hand. We feel the weight pulling our hand out- 
wards towards the circumference of the circle. 

3. Another property possessed by all matter alike is 
gravitation, or, in common language, weight. Weight, 
as we know it in its most familiar form, is tendency to- 
wards the earth; but Newton discovered that there is a 
similar tendency towards the moan; towards the sun, to- 
wards the planets, and toward* all matter whatever. All 
matter attracts all othor^m&fcter. The force of this attrac- 
tion depends partly QiT$he magnitudes of the attracting 
masses and partly on- "their distance apart. When the 
distance between -two bodies is very great compared with 
the size Qf*. # $3v9*.ftodies, so that they may be regarded as 
mere pss&ejfes, the force diminishes as the distance in- 
creased; -itf such a manner that at double distance there 
wOul^'only be one -fourth of the force; at threefold dis- 

*'t4nd&, one-ninth of the force, and so on — that is to say, 
the force varies inversely as the square of the distance. 

When the two bodies are spheres, the same rule can 
be applied even when the bodies are near, the "distance" 
being in this case the distance between the centres of the 
spheres. The earth may be regarded as a sphere, and 
hence the force with which it attracts a body at its sur- 
face is four times as great as the force with which it 
would attract the same body if raised to a height equal 
to the earth's radius; for it would then be at the distance 
of two radii from the centre instead of only one. The 
distance of the moon from the earth's centre is about 
60 radii of the earth, and hence the force with which the 
earth attracts a body on the moon is only ^innrth of the 
force with which it would attract the same body if at the 
earth's surface. 

4. There are two ways in which the quantities of matter 
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in different bodies may be reckoned and compared. We 
are not speaking now of two pieces of matter of the same 
material, for in this case the comparison presents no 
difficulty. We are speaking of the comparison of two 
different substances; for example, a ball of iron and a 
ball of lead. 

One way would be to compare the resistances which 
they offer to the same change of motion ; for example, to 
compare the horizontal pulls which they exert when 
swung round with the same velocity in horizontal circles 
of the same size, and to say that the one which exerts 
the greatest resistance contains the most matter. 

The other way would be to compare the forces of 
gravitation which they exert upon the same body at the 
same distance; or, what amounts to the same thing, to 
compare the forces with which they are themselves at- 
tracted by the same third body; for it is found to be uni- 
versally the case, in every kind of pull or push, whether 
it be gravitational attraction, or magnetic attraction, or 
electrical attraction, or the pull of a string or the push 
of a stick, that the pull or push is a mutual force between 
two bodies, both bodies being equally pulled or equally 
pushed. In comparing two bodies at the earth's surface, 
we can compare the forces with which they are attracted 
by the earth. These forces are what we call their weights. 

5. It has been found by careful experiments that these 
two ways of comparing matter agree exactly. Two bodies 
which offer the same resistance to change of motion have 
also the same weight 

As it is somewhat of a liberty to talk of the "quantity 
of matter" being the same when the substances are dif- 
ferent, the word mass is used instead. Two bodies 
which offer equal resistances to change of motion are said 
to be equal in "mass" or to "have equal masses;" or the 



20 INTRODUCTORY. 

two bodies themselves are often spoken of as "equal 
masses." The experimental fact which we have just 
asserted is accordingly expressed by saying that bodies of 
equal mass are of equal weight; and it will be equally true 
to say that bodies which have equal weight have equal 
mass. 

6. The two ideas weight and mass are very much mixed 
up together in popular language and thought Pounds, 
ounces, tons, and so forth, are sometimes employed as 
units of weight in the strict sense of the word, as when 
we speak of steam exerting a pressure of so many poujids 
per square inch, or of a rope being strong enough to bear 
a weight of so many tons; but more frequently these 
denominations are employed as measures of quantity of 
matter, as when we speak of a pound of sugar or a ton of 
coaL In this latter application the pound and ton are 
units of mass. 

It is also to be remarked that if we take a piece of 
matter — say a pound of iron — and carry it about to dif- 
ferent places on the earth's surface, its mass remains 
unaltered, but its gravitating force towards the earth 
varies, being greatest at the poles and least at the equa- 
tor. If it were carried to the distance of the moon, its 
gravitating force towards the earth would be only ^nr*k 
of what it was at first, while its mass would be unaltered. 
Thus a round piece of brass used for weighing, and called 
a "pound weight," is, strictly speaking, a standard of mass ; 
it has exactly the same mass everywhere, but not exactly 
the same weight. Its weight, though variable, is always 
called by the same name — a pound — and as it is seldom 
that very exact measures of force are required, the slight 
inexactness involved in this use of the same name for 
slightly unequal forces has no practical inconvenience in 
ordinary life. 
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7. Density is closely connected with mass. If we take 
a cork and squeeze it to half its original size, we double 
its density. If we pump out half the air from the receiver 
of an air-pump, we halve the density. If we compress 20 
cubic feet of air into a space of 1 cubic foot, we increase 
its density twentyfold. The densities of two substances 
are proportional to their masses when we compare equal 
volumes of both, and a body is said to be of uniform 
density when equal volumes in all parts of its substance 
have equal masses. 

Bearing in mind the relation above pointed out be- 
tween mass and weight, it is clear that a dense substance 
is the same thing as a heavy substance. Gold and platinum 
are about 20 times as dense as water — that is to say, they 
are about 20 times as heavy when compared bulk for 
bulk. 

Gases have exceedingly small density compared with 
liquids and solids, and their density can be enormously 
altered by compressing them or allowing them to expand. 
The air which we breathe has about -gjfath of the density 
of water; but it has often been compressed to 20 or 30 
times its ordinary density, and rarefied till it has only 
one-thousandth or even one-millionth of its ordinary 
density. 

8. Constancy of quantity, or constancy of mass, is a 
universal property of matter. When we burn a piece of 
wood, part of it combines with the oxygen of the air and 
goes off in the form of gas, part of it is water and goes 
off as steam, some small solid particles are carried off by 
the draught in the form of smoke; these are of combus- 
tible material (carbon), but not so readily combustible as 
some other portions; and a third portion remains in the 
form of ash. If we could catch all the gaseous products 
and weigh them along with the smoke and ashes we 
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should find the total weight to be greater than that of 
the original wood, because some oxygen from the air has 
been added. If the combustion of the wood is conducted 
in a closed air-tight vessel, the weight of the vessel and 
its contents will be exactly the same at the end as at the 
beginning. 

In the growth of a plant all the additional matter 
which it gains comes to it from the soil and air, and is so 
much taken from them. There is no gain and no loss of 
mass on the whole in any operation or process whatever, 
whether of nature or art 

Chemistry goes further, and shows that all known 
substances are composed of some sixty simple substances 
or elements, and the quantity of each element remains 
always unchanged. No such thing as creation or destruc- 
tion of an element ever occurs, nor is one element ever 
transmuted into another. 

9. There are other properties which are possessed in 
very different degrees by different kinds of matter. A 
ball of steel retains its shape, as far as we can see with 
the naked eye, even when we squeeze it in a vice. A 
ball of lead similarly treated is permanently flattened. 
A ball of india-rubber is flattened for the time to a 
very large extent, but recovers itself when released. 
These differences of behaviour illustrate differences of 
elasticity and differences of .rigidity. A body which is 
very difficult to force out of its original shape is called 
very rigid, and a body which instantly recovers its original 
shape when released is called very perfectly elastic. A 
body which can be very much distorted and yet will 
instantly recover itself — like india-rubber — is techni- 
cally said to have very wide limits of elasticity; while such 
a substance as wrought iron, which remains permanently 
distorted if you bend it to any visible extent, is said to 



INTRODUCTORY. S3 

have very narrow limits of elasticity. The subject of elas- 
ticity as regards solid bodies is very intricate. If we 
take several wires of the same size but of different 
metals we find that their resistances to stretching are not 
proportional to their resistances to twisting. It is thus 
necessary in accurate investigations to distinguish various 
kinds of elastic resistance, and their discussion constitutes 
an important branch of applied mathematics. 

Most substances when pulled out lengthwise shrink in 
diameter, so that though their volume is increased it is 
not increased so much as their length; and in like 
manner when compressed endwise they swell in diameter. 
Cork is an exception. Even when compressed to half or 
a quarter of its original length its diameter remains un- 
changed. Its volume is therefore diminished in the same 
proportion as its length. India-rubber, on the other 
hand, alters its diameter so much that its volume is not 
changed at alL However much we pull or squeeze it out 
of shape its volume remains sensibly unchanged. 

10. Liquids and gases offer no resistance to change of 
shape, but they resist compression. This is the only 
elastic resistance which they exert, and it is sometimes 
called elasticity of volume. It is enormously greater for 
liquids than for gases, being about twenty thousand 
times as great for water as for air. 

Experiments on the compression of liquids are usually 
conducted with an apparatus like that shown in fig. 1. 
The second part of the figure shows on a larger scale a 
portion of the first This portion consists of a glass 
vessel with a long narrow neck. It is filled with the 
water which is to be compressed, and a small drop of 
mercury is passed into its neck, where it is held up by 
friction, and serves as an index to show when the water 
moves up or down in the neck, for if the water moves it 
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carries the mercury with it If we were to apply pres- 
sure to the outside of the vessel only, the capacity of the 
vessel would be diminished and some of the water would 

escape at the top. 

The water in the neck 

would 




rise, carrying the in- 
dex with it On the 
other hand, if a pis- 
ton, fitting water- 
tight, were pressed , 
down into the neck so 
as to force the water 
before it, the index 
would fall, partly per- 
haps because of the 
compression of the 
water, but partly also 
because the vessel 
would be enlarged by 
the strong pressure 
within it What is 
actually done is to 
place this vessel in- 
side the larger one, as 
shown in the figure, 
and fill up with water. 
The large vessel is 
made of very thick 
and strong glass so that it can bear strong pressure in 
its interior without breaking. This pressure is produced 
by screwing down the piston at the top, and as we put 
on pressure and take it off again we see the mercurial 
index descend and spring up again. Its descent shows 
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that the water in the vessel is reduced to smaller volume ; 
and more than this, it shows that the water is more com- 
pressible than the glass of which the inner vessel is com- 
posed, for if they both shrunk equally they would still fit 
each other, and no movement would be seen. A glass 
vessel thus submitted to uniform strong pressure both 
within and without retains its shape unchanged, and is 
diminished in volume just like a solid lump of glass. 

11. Strength, as a property of materials, means the 
power to hold together without breaking. There are 
different kinds of it 

Tenacity is that kind of strength which enables a wire 
to exert a strong pull without breaking. Steel wire, 
such as is used for the pianoforte, is in this sense the 
strongest substance known, and wrought iron is much 
more tenacious than cast-iron. Strength. to resist crush- 
ing is a different quality, and is possessed by cast-iron in 
a higher degree than by wrought iron. 

Hardness is that particular kind of strength which 
gives the power to scratch or cut and to resist being 
scratched or cut. Glass will scratch iron, and iron (at 
least pure wrought iron) will not scratch glass. Glass is 
therefore said to be harder than iron. The hardest sub- 
stance known is diamond, which is crystallized carbon. 
It easily makes scratches and even deep cuts in glass, 
and will do this every day for years without losing its 
edge. Next to it comes corundum, or crystallized alu- 
mina, of which the ruby is one form. Some other pre- 
cious stones, such as the sapphire, topaz, and emerald, 
are largely composed of alumina, as is also emery, so 
well known for its scratching powers, which cause it to 
be largely employed in the grinding of steel. 

Another very hard substance is silica, which, when 
crystallized and clear, is called rock-crystal. Agate, 
3 
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jasper, flint, and quartz are other forms of it It is 
much harder than glass. 

The hardness of steel depends very much upon whether 
it is cooled gradually or suddenly from a red heat The 
more sudden the cooling the harder it becomes, and the 
operation of hardening steel by dipping it when red hot 
into a cold liquid is called tempering. All steel cutting 
instruments are tempered. The opposite process of 
sof tening by gradual cooling is called annealing, and in 
glass manufactories there are annealing ovens in which 
newly-made glass vessels are left for some days to cool 
down gradually from a red heat 

The hardening of a*metal makes it brittle, and the 
opposite process of annealing makes it tough. Steel dies 
are engraved when soft, and are afterwards hardened 
before they are used for stamping. In the making of 
wire, which is done by drawing the metal in the cold 
state through a succession of holes each smaller than the 
preceding, it is necessary to anneal the wire after each 
drawing in order to restore its ductility and prevent it 
from breaking in the next drawing. 

12. Atomic Structure. — As a crowd of men consists 
of separate individuals, or a heap of wheat of separate 
grains, or a chain of separate links, so there is reason to 
believe that all matter consists of separate atoms. The 
atoms of any one elementary substance are believed to be 
all of one size and exactly alike; and the atoms of one 
elementary substance are different from those of another 
elementary substance. Atoms are much too small to be 
seen even in our most powerful microscopes, but there are 
several phenomena which compel us to infer their exis- 
tence. They are probably about as large in comparison 
with a drop of water as a cricket-ball or a foot-ball is in 
comparison with the whole earth. 
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In a compound substance of definite chemical compo- 
sition, the atoms of the two or more elementary sub- 
stances which compose it are combined in clusters, all 
the clusters being exactly alike, and these clusters are 
called molecules. 

Heat in a substance consists in vibratory movement of 
its molecules, or, in the case of an elementary substance, 
in vibratory movement of its atoms; and when the heat 
is so intense as to produce light, an examination of the 
light by means of an instrument called the spectroscope 
gives definite information as to the quickness of vibration 
of the molecules or atoms. 

Why it is that the atoms of certain substances attract 
one another and tend to form molecules of definite com- 
position, is one of the puzzles which have not been solved, 
though some partial attempts have been made which are 
not altogether without promise. 

13. The extreme divisibility of matter may be illus- 
trated in various ways. 

When the smallest drop of blood that can be seen 
with the naked eye is flattened out between two pieces 
of glass, and examined by a pretty good microscope, it is 
seen to consist of a multitude of round flat bodies float- 
ing in a transparent liquid. The round bodies are called 
blood-corpuscles; they are between ^nroth an d Tinny tn 
of an inch in diameter, and their thickness is about a 
quarter of this. One cubic inch of blood contains about 
eighty times as many of them as there are people in the 
whole world. A microscope of high power enables us to 
see objects very much smaller than these, but still we 
are as far as ever from seeing the ultimate molecules of 
which matter consists. 

The extreme divisibility of matter is well shown by 
dipping a paint-brush containing a little indigo or gam- 
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boge into a glass of clean water and then stirring the 
water. In this case we have minute solid particles scat- 
tering themselves through the liquid When we dissolve 
a grain of salt in water, or put a drop of alcohol into it, 
we have a still more complete interpenetration. Equally 
striking examples are furnished by the diffusion of odours. 

X 
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Chapter IT. 
FIRST PRINCIPLES OF DYNAMICS. 

14. Force, Work, and Power. — When we push or pull 
a body we exert force upon it, and the strength of the 
push or pull is the magnitude or amount of the force. By 
"two equal forces" we mean two pushes or pulls that 
would exactly counteract or "balance" each other if 
applied so as to be directly opposite. The magnitudes 
of forces are commonly stated in pounds, ounces, tons, or 
other units of weight; but when very great exactness is 
required it must be remembered that it is not quite the 
same force that is expressed by the name " weight of a 
pound " at different places on the earth's surface. 

Forces always act in pairs which are equal and oppo- 
site. I cannot push a body towards my right without 
pushing myself towards my left. I cannot stand on the 
floor and lift a heavy body with my hands without in- 
creasing the pressure of my feet against the floor by an 
amount equal to the weight of the heavy body. If I 
stand in a basket and endeavour to lift it by the handles 
it does not rise, even though I pull with a force far 
exceeding my own weight, because the more I pull it 
up with my hands the more I thrust it down with my 
feet. 

15. When I lift a heavy body through any height I do 
work. The weight of the body in pounds, multiplied by 
the height in feet, gives the work in footpounds. The 
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resistance which I overcome in this case is the force 
exerted by terrestrial gravity on the body, and accor- 
dingly the work done in lifting the body is said to be 
done against gravity. On the other hand, if I gently let 
the body down again, gravity does work and I offer 
resistance, so that gravity does work against my resis- 
tance Whenever work is done against gravity, gravity 
is ready, as in this case, to do an equal amount of work 
by reversing the motion; thus we may have work stored 
up ready to be performed whenever we want This is 
illustrated in the heavy iron ram used for driving piles. 
The ram is slowly wound up by hand or by a steam- 
engine till it reaches the proper height, and then is 
unhooked and allowed to fall upon the top of the pile 
(a straight log of wood sharpened at the lower end). 
The pile is thus hammered into the ground. If the ram 
weighs 1000 lbs. and falls through 10 feet, every blow 
represents 10,000 ft -lbs. of work; and if the pile is 
driven -j^th of a foot at each stroke, the resistance of the 
ground to the advance of the pile is 100,000 lbs. 

The water in a mill-dam or in the mill-stream above a 
mill resembles the elevated ram in occupying a position 
of vantage by reason of its height; and just as the ram 
cannot drive the pile without descending from its posi- 
tion of vantage, so the water cannot turn the wheel and 
drive the mill without descending. In the act of doing 
work it loses the position which enabled it to do work. 

A clock driven by weights illustrates the same principle. 
When it is wound up the driving weights are put in a 
position of vantage, which they gradually lose as they 
drive the clock. In a clock driven by a spring, the 
position of vantage is obtained not by means of gravity, 
but by means of elasticity. A spring wound up so as to 
be in a condition of forcible constraint is here used as a 
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reservoir of work, and the same rule holds that it can 
only do its work by releasing itself from this constraint, 
and thus losing the power to do work. 

The same rule applies to the high-pressure steam in a 
boiler, which, in the act of driving the steam-engine, ex- 
pands and loses its high pressure. 

The work laid up in store in a body is a limited and 
measurable quantity, so that the more work it does the 
less it is able to do till a fresh charge is given it Work 
stored up in a body is called energy, and energy cannot 
be given to one body without taking it from some other 
body. It resembles matter in being always unchanged 
in amount: 

16. The power of an engine is measured by the quantity 
of work that it does, or is able to do, in a given time. One 
horse-potoer means 33,000 ft -lbs. per minute, or 550 ft-lbs. 
per second; so that if an engine is working at ten horse- 
power, it is doing 330,000 ft-lbs. of work in a minute. 
An engine " of ten horse-power," means an engine that 
is fit to do work at this rate. Horse-power, then, is not 
work, but rate of doing work. Work is computed by« 

-multiplying force by distance, and power is computed by, 
-dividing work by time. 

17. There are many contrivances in use for increasing 
force, but there is no contrivance possible for increasing 
work By pressing the long arm of a lever with a com- 
paratively small force, we produce a much greater force 
at the short arm; but the long arm moves through a 
much greater distance than the short arm, and the force 
which we apply at the end of the long arm multiplied 
by the distance through which the end of the long arm 
moves, is just equal to the force produced at the end of 
the short arm multiplied by the distance through which 
the end of the short arm moves. Thus if I lift a weight 
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by means of a lever, the work done will be the same, 
whether I reckon it by multiplying the force which I 
apply with my hand by the distance my hand moves, or 
by multiplying the weight raised by the height through 
which it is raised. 

18. Figs. 2, 3, and 4 represent the three orders of lever. 
In each of them the force applied by the hand is called 

P, and the weight W. The f ul- 

crum is marked C, and A is the 

point of application of P. The 

Kg ^ — distance A C is called the arm 

of P, and the distance of the 
point of application of W from 
C is called the arm of W. If 
P and W both act at right 



A C 

?! ... "6 

i) 





w angles to the lever, they must 

ng. s. be inversely as their arms; or, 

what amounts to the same 
thing, if we multiply each by 
its own arm, the two products 
must be equal This is illus- 
pig. 4. W {~J trate( l by the apparatus in fig. 5. 

In the second part of the figure, 
the arm B is double of the arm C, and the weight 
which hangs from C must be double of that which hangs 
from B. The weight P which measures the upward pull 
at O, must be equal to the weight of the levet together 
with the weights at B and C. 

The principle of the lever is illustrated by a common 
instrument for weighing, called the steelyard, which is 
represented in fig. 6. The body to be weighed is hung 
from A, and the weight P is shifted to different positions 
along the arm until it produces an exact balance. If it 
is put too near the end it goes down, if too near the ful- 
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crum it goes up; and the ami along which it travels is 




marked with equidistant divisions having numbers en- 




Fig. 6. 



graved against them which show the weight of the body. 
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19. In the ordinary balance, or Pair of Scales, fig. 7, 
the beam A B turns about the sharp edge of a steel 
wedge forming part of the beam, and resting upon two 
hard and smooth supports. There are two other steel 
wedges at A and B with their edges upwards, and upon 
these edges rest the hooks for supporting the scale pans. 
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The three points A B are very nearly in one straight 
line, being usually a very little above a line drawn from 
A to B. The distances A O and B must be exactly 
equal. 

Each scale pan with its contents places itself so that 
its centre of gravity is exactly under the knife-edge A or 
B which supports it; we may therefore regard the two 
weights as acting at A and B, and may regard the beam 
as a lever with its two arms equal. The beam itself, 
when the pans and hooks have been removed, ought to 
balance exactly about the edge O. The following is the 
best way to test whether a pair of scales is true. 
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First see whether the beam places itself horizontally 
when both scale pans are empty. If it does, then put a 
tolerably heavy weight into one scale pan, and into the 
other a cup of sand, adding or taking away sand till an 
exact balance is obtained. Then interchange the contents 
of the two pans and see if the balance is still maintained. 
If it is, the scales are true, but if it is not, one arm (that 
is one of the two distances 6 A, B) is longer than the 
other, and if equal weights were put in the two pans, the 
one at the longer arm would go down. 

Even with a false pair of scales a true weighing can be 
made if we have true weights, by employing the method 
called double-weighing. This consists in putting the body 
to be weighed into one pan and counterpoising it exactly 
with a basin of sand; then removing the body and find- 
ing what weights must be put in its place to produce the 
same effect. They will be equal to the true weight of 
the body. 

20. The wheel and axle, of which a section is shown 
at fig. 8, consists of a large and a small cylinder, both 
having the same axis and turning together. 
Two cords are coiled, one round each cylin 
der, and weights hung at their free ends 
tend to turn the cylinders opposite ways. 
We may regard AB as a lever turning 
about a fulcrum at C the common centre 
of the two circles, and if the two weights 
are to balance each other, we must have the 
weight hanging from A multiplied by A C equal to the 
weight hanging from B multiplied by B C, or the weight 
which hangs from the wheel must be to that which hangs 
from the axle as the radius of the axle to the radius of 
the wheel. The radii A C and B C of the two circles are 
proportional to the circumferences, and these are equal 
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to the distances through which the two weights move 
(one downwards and the other upwards) in one revolution. 
Hence one weight multiplied by the distance it falls is 
equal to the other weight multiplied by the distance it 

It may be well here to point out the difference between 
the meanings of the words axle and axis. An axle is a 
real material thing of finite thickness; an axis is a mere 
mathematical line having no thickness whatever. When 
a body turns truly on an axle, the central line of the axle 
is the axis. 

Tho winch used for raising buckets full of water from 
a well is equivalent to a " wheel and axle," the circle 
described by the handle taking the place of the " wheel." 
Fig. 9 represents a capstan, with two bars, and men 
pushing at them, thus raising a weight by means of a 
rope which is wound upon the drum of the capstan. 
Sometimes the bars are 
much longer than those 
represented in the fig- 
ure, and there may be 
several of them. In 
order to calculate the 
force which is put upon 
the rope, we must mul- 
tiply the force with 
which each man pushes by the distance of his hands 
from the axis; we must add these products together, and 
then divide by the radius of the drum on which the rope 
is being wound. 

This rule can be justified from a consideration of the 
work done, in the following way. Each man walks in a 
circle pushing straight forwards as he walks. The work 
which he does in going once round the circle is the 
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horizontal force with which he pushes multiplied by the 
circumference of the circle. By making this calculation 
for each man, and adding the products, we obtain the 
work done in one revolution of the capstan. On the 
other hand the weight is raised a distance equal to the 
length of rope that is coiled upon the drum in one revolu- 
tion, which we may take as being equal to the circumfer- 
ence of the drum. This length multiplied by the weight 
will be equal to the work done by the men. Since the 
circumferences of circles are proportional to their radii, 
this result agrees with the rule stated. 

21. This is a very good example of what is called the 
principle of moments, which may be thus stated:— 

When a body can turn about an axis, and forces are 
applied to different points of the body tending to carry 
them round the axis, either in one direction or the oppo- 
site, the forces will balance if, when we multiply each of 
them by its distance from the axis, and add the products, 
the total is the same for the forces which tend one way 
round as for those which tend the contrary way round. 
The product obtained by multiplying one of the forces by 
its distance from the axis is called the moment of this force - 
about the axis. 

22. Thus far we have made no mention of friction. 
Friction always tends to prevent motion. Thus, when 
men are raising a weight by means of a capstan, they 
have to do not only an amount of work represented by 
the raising of the weight, but a further amount of work 
sufficient .to overcome the friction of the apparatus. The 
pressure which they must exert against the levers is 
therefore greater than it would be if there were no 
friction. On the other hand, when they are letting the 
weight down, or simply sustaining it, the pressure which 
they must exert is less than if there were no friction, 

4 



38 DYNAMICS. 

because friction tends to prevent the weight from running 
down. 

These remarks are of general application to the friction 
of machines. Whenever we have calculated the relation 
between the force which we are to apply, and the resis- 
tance which it is to balance, without considering friction, 
we must increase the applied force if it is to overcome 
friction and produce motion; while on the other hand, 
if the force which we apply is merely intended to prevent 
motion, it may be smaller than if there were no friction. 

28. Friction has an important bearing upon the sub- 
ject of stored-up work, or energy, which has been briefly 
explained in art 15. When we employ a machine to 
store up work by raising a weight, if there is any friction 
in the process a portion of the work employed in driving 
the machine will be wasted, so that the work stored up 
will be less than the work employed to obtain it This 
looks at first sight like a diminution of the whole quantity 
of energy — contrary to the concluding words of art 15. 
But further examination shows that what looks like a de- 
struction of energy here is only a transformation. Heat is 
one form of energy, and the energy which has been lost in 
the mechanical form has been converted into heat. The 
quantity of heat produced by friction in different cases 
has been found to be exactly proportional to the amount 
of work consumed in producing it In fact every foot- 
pound of work that is wasted in consequence of friction, 
produces just as much heat as would raise T ^ of a pound 
of water one degree Fahrenheit in temperature. 
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Chapter III.— PARALLEL FORCES. 

24. Parallel Forces. — Two parallel forces must either 
be in the same direction or in opposite directions; for 
instance, if one of them acts vertically upwards, the other 
must either act vertically upwards or vertically down- 
wards. 

When any number of parallel forces balance one an- 
other upon the whole, if we add together those which 
act in one direction, and also add together those which 
act in the opposite direction, the two sums will be 
equal. For example, if a table with various heavy 
bodies on it stands on a floor, the upward pressures of the 
floor against the feet of the table must together be equal 
to the added weights of the table itself and the bodies 
resting on it. It will be remembered that by the general 
law of the equality of action and reaction, the upward 
pressures of the floor against the feet are equal to the 
downward pressures of the feet against the floor, so that 
what we have stated merely amounts to this — that the 
whole weight of the table and things on it rests on the 
floor. 

So, if we have a lever with weights on its two ends, 
resting in equilibrium on a fulcrum, the downward pres- 
sure of the lever on the fulcrum or the upward pres- 
sure of the fulcrum against the lever, must be equal to 
the weight of the lever itself together with the two 
weights which it carries. 

25. Centre of Gravity. — Suppose two heavy particles 
at A x and A*, fig. 10, the particle at A 2 being twice as 
heavy as that at A v If we divide the joining line 
A a A 2 into two parts of which one is double of the other, 
the greater part being next the smaller weight (that is, 
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take B 1 so that A x B x = 2 B l A 2 ), then the two weights 
at A x and Ag would balance each other about the 
point B x ; that is to say, if we imagine a lever A x B x A% 

without weight resting on 
Fig. 10. / a fulcrum at B x and acted 

on by the given weights at 
k x and Ap this lever will 
be in equilibrium in every 
position, whether horizontal or inclined. This is what 
we mean when we say that B 1 is the centre of gravity of 
the two given weights at A x and Ag. 

These two weights could always be balanced by a 
single force equal to their sum acting upwards at B 2 ; we 
may therefore say they are equivalent to a single force 
equal to their sum acting downwards at B l ; in other 
words the two weights at A x and Ag can be collected at 
B x without rendering any change necessary in the sup- 
porting force. Any two heavy particles have a centre of 
gravity, which divides the joining line in the inverse ratio of 
the weights of the particles. 

Now suppose a third heavy particle at A 3 . We may 
replace the first two particles by a single particle equal 
to their sum at B v and we shall then have only two 
heavy particles, one at B x and the other at A 8 . Their 
centre of gravity can be found as above; let it be B 2 . 
Then B 2 is the centre of gravity of the three given par- 
ticles at A v Ag, and A 3 . We may then collect these three 
particles at B 2 and take in a fourth particle, and so we 
may go on till all the particles of a body have been in- 
cluded. Therefore every solid body has a centre of 
gravity — a point at which we may suppose all its weight 
collected without requiring any change in the supporting 
forces. 

26. A heavy body can therefore be supported at a 
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single point as 0, figs. 11,12. All that is necessary is that 

the body be turned into such a position as to put its 

centre of gravity G directly under 

or over the point of support. If the 

body be supported at the centre of 

gravity itself, no particular position 

is necessary; it will be in equilibrium 

in all positions. pig ^ pig ^ 

When the centre of gravity is di- 
rectly under the point of support, as in fig. 12, the equili- 
brium is stable, that is to say, if we give the body a slight 
push it will only make small oscillations — and finally 
settle in the same position again. 

When the centre of gravity is directly over the point 
of support, as in fig. 1 1, the equilibrium is unstable, that 
is to say, if we give the body ever so slight a push it will 
tumble completely away. 

When the centre of gravity coincides with the point of 
support, the equilibrium is neither stable nor unstable, 
and is called neutral. If we move it a little it still re- 
mains in equilibrium. 

27. In order to decide whether a heavy body will 
stand or topple over, when set down in a given posi- 
tion, it is sufficient to know whether a line drawn ver- 
tically downwards from the centre of gravity falls within 
the base; if it does, the body will stand. If it falls 
outside the base, the body will topple over towards the 
side on which the vertical lies. In the case of the 
three-legged table shown in fig. 13 we are to understand 
by the base the triangle formed by joining its feet, as 
shown by dotted lines in the figure; for if the table 
turned over it would have to turn round one of these 
lines. 

28* When a body is hung by one point about which it 



can awing freely, it places its centre of gravity vertically 
under the point of suspension, and this property can be 
used to find the centre of gravity of a piece of board in 




the manner represented in fig. 14. Suspend it from 
a point in or near its circumference, and suspend a 
plumb-line from the same point Mark the position of 
the plumb-line on the board. Then 
suspend the board and plumb-lino 
from another point, and mark the 
point where the new line intersects 
the old one. This point G> or rather 
a point opposite to it in the sub- 
stance of the board — will be the cen- 
tre of gravity, and if the board be 
laid flat it vdll be found to balance 
about G. Another plan is to shift 
the board to the edge of a table 
(which should be straight and sharp) 
until we find that the least further movement would 
make it fall over. Draw a line on the body marking the 
position of the edge. Then turn the body through a 
right angle, or nearly a right angle, and obtain another 
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line in the eame way intersecting the former o 




intersection is the point about which the board will balance. 

29. When an egg is laid upon 
its side on a level surface, as at 
fig. 15, it takes a position in 
which its centre of gravity G is 
exactly over the point of con- 
tact M at which the egg is sup- 
ported. The equilibrium here 
U stable. Fig. 16 represents a 
position of unstable equilibrium, 
the centre of gravity being ver- 
tically over a point of contact 
M at one end of the egg. The 
centre of gravity is here in the 
highest position that it can have 
without the egg leaving the 
table, whereas in fig. 15 it is in 
the lowest position. The centre 
of gravity of a body always 
tends to get as low as it can. 
This is illustrated by the toys 
shown in the next three figures. 

In fig 17 the two leaden balls are so heavy compared 




with the figure that the centre of gravity of the whole 
body consisting of figure, rods, and balls together is a 
little below the toe on which it balances. 
The toy in figs. 18, 19 consists of a hemisphere of lead 




with a light human figure fastened to it The centre of 
gravity of the whole is somewhere between the centre of 
gravity of the hemisphere and the centre of the sphere 
of which it is the half. The height of the centre of the 
sphere is not altered by rolling, and the height of the 
_ centre of gravity of the hemi- 

sphere is least when the figure is 
upright This is accordingly the 
position of stable equilibrium. 

30. We shall now exemplify 
some of the foregoing principles 
by systems of pulleys. We shall 
suppose the pulleys to turn with- 
out friction. When a string is 
passed round a pulley and the two 
ends are pulled, the pulley will 
turn unless the two pulls are equal; for the two strings 
are at the same distance from the axis of the pulley, the 
distance of each being equal to the radius of the pulley. 
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Fig. 21. 



In fig. 20, which represents what is called a fixed pulley 
— strictly speaking, a pulley turning on a fixed axis — the 
pull exerted by the hand must be equal to 
the weight sustained. 

In fig. 21 the three portions of string exert 
equal pulls, and the pulls of the two right- 
hand ones are together equal to the weight 
which they support, that is to say to the 
weight which hangs from the lower pulley 
together with the weight of this pulley itself. 
Hence the force in each string is half of this weight. 
The other weight simply hangs from the end of the left- 
hand portion of string, and is therefore a direct measure 
of the pull in the string. This weight 
must therefore be half the other if the 
weight of the lower pulley can be neglected. 
More accurately it is half the sum of the 
lower weight and the weight of the lower 
pulley. 

In fig. 22 there are in all six pulleys, three 
turning in an upper fixed block, and three 
in a lower movable block One string passes 
round all, and therefore the force of tension 
is the same in all the seven portions shown 
in the figure. The lower block is supported 
by the combined pulls of six of these por- 
tions, which are parallel or very nearly paral- 
lei, and therefore each has to bear one-sixth of the weight 
supported. The pull which must be exerted by the hand 
upon the free end of the string is therefore one-sixth of 
the combined weights of the lower block and the mass 
which hangs from it. 

If we compare the movements of the free end and of 
the weight which is raised or lowered, we shall see that 




Fig .22. 



no work is gained or lost In fig. 22, if the weight is 
raised one inch, each of the six strings which support 
the lower block is an inch shorter than before, therefore 
six incheB of string have passed over the topmost pulley, 
showing that the hand has pulled the free end through 
a distance of aix inches. The work done by the hand 
is the pull of the hand multiplied by six inches, and 
this is exactly equal to the weight raised, multiplied by 
one inch, because we have shown that the pull of the 
hand is one-sixth of the weight raised. 

In fig. 23 there are four pulleys, three movable and one 
fixed. We shall neglect their weights. Then if we attend 
to any one of the three movable pulleys, 
we see that it is pulled upwards by two 
strings, each of which therefore bears half 
the downward force acting on the hook of 
the pulley. There are three strings — the 
left-hand one is stretched with a force 
equal to half the weight, the second with 
a force equal to a quarter of the weight, 
and the last with a force equal to an 
eighth of the weight, this last string being 
the one that is held in the hand. The 
hand has therefore to bear one-eighth of 
the weight If the weight rises 1 inch, the second pulley 
from the bottom rises 2 inches, the third 4 inches, and 
the hand descends 8 inches. 
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Chapter IV. 
EESULTANTS AND COMPONENTS. 

SI. Resultant of Forces. — We have seen that the 
whole force of gravity upon a body can be balanced by 
an upward force applied at the centre of gravity, or at 
any point in the same vertical line with the centre of 
gravity. We may therefore say that the whole force of 
gravity on a body is equivalent to a single force, acting 
vertically downwards, and applied at any point of this 
line. This imaginary single force is called the resultant 
of all the forces of gravity on the different particles of 
the body. Parallel forces applied to a body always have 
a resultant, that is a single force which would be equiva- 
lent to them, and might be substituted for them with- 
out producing any disturbance of equilibrium or any 
change of motion. 

32. There is another case in which forces acting on a 
body always have a single resultant, and that is when the 
forces act in lines which meet in a point; for it is clear 
that the body could be prevented from moving by a 
single force applied at the point. A force equal and 
opposite to this single force is the resultant. 

The magnitude and direction of this resultant force 
can be found by a beautifully simple construction. 
Eepresent the forces by straight lines AB, B C, C D, D E 
(fig. 24), parallel to the given forces and representing 
them in magnitude on any convenient scale (for example, 
an inch may represent a pound). We shall thus obtain 
a crooked line, such as ABODE, and a straight cut 
from the beginning to the end of it (that is A E in the 
figure) will represent the resultant. The order in which 
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Fig, 94.— Resultant of 
Forces at a Point. 



C D 

Fig. SB.— Parallelogram of 
Forces. 



the forces are taken makes no difference; the line AE 
will be the same whatever order we adopt 

S3. The most common case is where we have only 
two forces, and want to find their resultant Suppose 

they act along the lines AB, AC, fig. 25, 
and are represented by these lines in 
magnitude. Then A 
if we complete 
the parallelogram 
ABDC, the op- 
posite sides will 
be equal, and we 
may either take the crooked line A B D or the crooked 
line ACD as representing the two given forces. In 
either case AD is the straight cut which represents 
their resultant Thus we have the rule called the paral- 
lelogram of forces: — 

If two forces acting at a point are represented by two ad- 
jacent sides of a parallelogram^ the diagonal represents their 
resultant. 

In order to guard against taking the wrong diagonal, 
observe that if one of the forces tends from A towards 
B, and the other from A towards C, then the diagonal 
A D which passes through A is the one which is to be 
taken, and the resultant force tends from A to D. 

34. A few illustrations 
will help to show the mode 
of applying the parallelo- 
gram of forces to actual cases. 
Suppose two nails B, C, 
fig. 26, fixed in a wall at 
the same height, the ends of a string BAC fastened to 
them, and a weight attached to the middle of the string. 
Complete the parallelogram A B C D, then A B and A C 




Fig. 26. 
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represent the pulls of the two portions of the string, 
and A D represents their resultant, which is equal to the 
weight supported at A. 

We can see from this that if the nails are put further 
apart, the point A being kept at the same distance 
beneath them as at present, and the weight unchanged, 
the pulls in the string will be stronger, although only 
supporting the same weight. The scale of representation 
will in fact be unchanged, since the same length AD 
will still represent the same weight The pulls in the 
two portions of the string will therefore be increased in 
the same proportion as their lengths— in other words, 
the tension of the string will be directly as its length. 

If, on the other hand, while altering the distance be- 
tween the nails, we at the same time alter the height of 
A so as to keep the shape of the figure unchanged, the 
tension of the string will be unaltered. 

35. Again, suppose we hang a weight by a string from 
a hook in a beam, and then pull the weight to one side 
by a second string, let us see how the pulls in the two 
strings will compare with the weight. 

Let B, fig. 27, be the position of the hook, AB the 

first string, and AH the B D 

second string, which we \ [\ 
shall suppose to be hori- \ j 
zontal. Draw a horizontal \ 

line through B, and a ver- \ j 

tical line through A, till \| \ 

they meet in D, and draw A | j> H 

D C parallel to B A, meet- r\ 

ing the second string in 
C. Then AD represents the weight, and AB, AC 
the pulls in the two strings. Since ADB is a right 
angle, we have AB 2 = AD 2 + AC 2 , which shows that 
5 
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the pull in the first string is always greater than the 
weight. 

If the first string is 13 inches long, and the weight is 
drawn aside 5 inches, we have: — 

whenoe AD*=169- 25 = 144 
AD=12 

therefore the first string exerts a poll of f| of the weight, 
and the second string a pull which is ^ of the weight. 

36. We shall now apply these principles to the inclined 
plane. 

Suppose a heavy body to be resting on an inclined 
plane without friction, and to be kept from running down 
by a string which is parallel to the incline. 

Since there is no friction, the mutual pressure between 
the body and the plane is at right angles to the plane. 
The" body is acted on by this force, also by the pull of 
the string, which is parallel to the plane, and by gravity, 
which is vertical. 

We may regard any one of these three forces as equal 
to the resultant of the other two. Let us take the weight 
of the body as the resultant, then the parallelogram of 

forces will be right-angled, and 
will have its diagonal vertical. 
This diagonal M P, fig. 28, repre- 
sents the weight, the side PN, 
parallel to the plane, represents 
*" the pull of the string, and the side 

P T at right angles to the plane, represents the pressure 
exerted by the plane. The resultant of P N and P T is 
along P M, and balances the weight. 

37. It is often convenient to resolve a given force into 
two components, that is to say, to find two forces of which 
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it is the resultant. Thus, in the case just considered, we 
have in fact resolved the weight into two components, 
one parallel, and the other at right angles to the plane. 
If we draw a triangle (M N P or M T P) with two of its 
sides parallel to the two components, and its third side 
in or parallel to the direction of the given force, the 
lengths of its sides will show us the magnitudes of the 
components as compared with the given force. 

38. Comparing the triangle MTP with the triangle 
A C B, in which A B is the length of the inclined plane, 
A C its height, and C B its base, we see that the angles 
at T and C are right angles, and the angles TMP, B AC, 
equal; hence the triangles are similar. We may con- 
sequently use AB instead of MP, and AC instead of 
M T. Thus we obtain the following result, which is easily 
remembered: — 

When the weight is supported by a force parallel to the in- 
clined plane, this force is to the weight as the height cff the 
plane to the length. 

39. The inclined plane serves as an illustration of the 
principle of work, and throws some additional light upon 
the way in which that principle is to be applied. 

Suppose the heavy body to be drawn up the whole 
length of the plane by means of a string parallel to the 
plane. Then the work done by the pull in this string is 
computed by multiplying the pull by the length of the 
plane. On the other hand, to compute the work done 
against gravity, we must multiply the weight of the body 
by the height of the plane; and we see at once from the 
concluding sentence of the preceding section, that this 
product is equal to the former one. 

In computing work done by gravity, or work done 
against gravity, horizontal motion does not count Gra- 
vity neither tends to assist horizontal motion nor to pre- 
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vent it, and when the motion is in a slanting direction 
we are to take account only of the difference of levels. 

There is a third force, namely, the resistance of the plane, 
which assists in maintaining equilibrium when the body 
is at rest; but as it is at right angles to the direction of 
motion, it does not urge the body either up the plane nor 
down the plane. It is therefore to be regarded as doing 
no work. In computing work done by forces upon a 
moving body, no account is to be taken of any forces 
which act at right angles to the motion. 

40. We have supposed the inclined plane to be friction- 
less. If there is friction it will oppose the motion. The 
force of friction acts along the plane, and this force multi- 
plied by the distance that the body moves is so much 
work done against friction, which must be added to the 
work done against gravity, and the total thus obtained 
will be equal to the work which must be done in pulling 
the string. 

On the other hand, when we let the body slide down 
the plane, keeping it in check by the string, friction 
opposes the tendency of the body to run down, and thus 
renders our duty easier. When we want to prevent 
motion, or to prevent it from becoming too rapid, friction 
helps us, and when we want to produce or to quicken 
motion, friction hinders us. 

41. In the actual use of inclined planes to assist in 
raising weights, rolling is usually employed instead of 
sliding, and thus friction is very much diminished. This 
remark is applicable to the drawing of a carriage up a 
hilL If the gradient is 1 in 20, that is a rise of 1 foot 
for every 20 ft measured along the road, a pull equal to 
t^j- of the weight would just suffice to keep the carriage 
moving at a uniform pace if there were no friction at the 
axles, no inequalities on the surface of the road to be 
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surmounted, and no crushing down of the road. Owing 
to these various sources of friction (of which the two 
latter are usually the most important), the force required 
to draw the carriage up the hill is sensibly greater than 
that which would suffice to hold it from running down. 

42. In raising a cask out of a cellar by rolling it up 
planks, an additional advantage is obtained by applying 
the force at the surface of the cask. The case is the 
same as when men urge a carriage forward by pushing 
at the circumference of the wheels. The highest point 
of a wheel moves twice as fast as the centre, and a force 
applied at the highest point will therefore produce the 
same effect as a double force applied at the centre. If, 
as is often the case, a rope is employed which is wound 
half round the cask and has its two straight portions 
parallel to the incline, one end of the rope being fastened 
and the other pulled by hand, the force with which this 
end must be pulled is only half that given by the ordinary 
rule for the inclined place. ' The cask serves as a pulley 
for raising itself, and the free end of the rope has to 
be pulled through double the distance that the cask 
rolls. 

43. The wedge may be regarded as an application of 
the principle of the inclined plane; but the driving force, 
instead of being applied parallel to one face, usually bisects 
the angle between the two faces, the section of the wedge 
having the form of an isosceles triangle with the vertical 
angle very acute. In driving in the wedge, it is clear 
that while the wedge advances a distance equal to its 
own length it produces a separation equal to its thick- 
ness at the base; hence we know at once by the principle 
of work that, apart from friction, the driving force must 
be to the resistance which is forced back as the thickness 
of the wedge to its length. 



In the absence of friction, the wedge would spring out 
as soon as the driving force ceased to act. In the actual 
use of wedges friction is of great service. A nail driven 
into wood may be regarded as a wedge, and is only 
held in the wood by friction. The driving of a wedge, 
whether it be a nail or a wedge for splitting wood, 
is usually accomplished by hammering. A blow of a 
hammer applies an exceedingly strong force for an ex- 
ceedingly short time. This strong force easily over- 
comes the resistance of friction to forward motion; and 
when the wedge has been advanced by the blow, friction, 
and friction alone, prevents it from coming back. The 
work that is done by the human arm, in getting up speed 
in the hammer, with an addition from gravity if the blow 
be struck downwards, is equal to the work which is got 
from the blow in the shape of resistance pushed back and 
friction overcome, if we leave out of account the small 
amount of work which is wasted in producing vibration 
and in beating the wedge slightly out of shape. 

44. The screw, fig. 29, like the wedge, is closely allied to 
the inclined plane, and also, like the wedge, involves in 
its actual use a large amount of fric- 
tion. Whether we employ it to pull 
two things together, as in screwing 
down the lid of a box and in squeez- 
ing together the jaws of a vice, or to 
push by one end as in a screw-press, 
it is friction that prevents it from 
unscrewing when we cease to urge it 
forwards. Without friction it would 
instantly shoot back until the pres- 
sure was completely rebeved. 
T-press, fig. 30, and the vice, the screw is pro- 
vided with a lever handle which multiplies the driving 
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force; and even in driving a screw with a screw-driver the 
handle is so much larger in diameter than the screw that 
a considerable multiplication is obtained. Two driving 
forces are usually employed to produce rotation, one at 
each end of the lever 
handle in the screw- 
press, and one at each 
side of the handle in 
the screw-driver, be- 
sides a third force, 
which, in the case of 
the screw-driver, is 
applied not to pro- 
duce rotation, but to - 
prevent the tool from 
slipping out of the notch. This third force, though 
often very considerable and adding much to the labour 
of driving, does very little " work " in the technical sense 
in which this term is used in mechanics. Its work in 
one revolution is computed by multiplying it by the dis- 
tance that the screw penetrates in one revolution, which 
is a very small distance. If the other two forces are 
equal and act at equal distances from the axis of rotation, 
we must add them together and multiply by the circumfer- 
ence of the circle which they describe, to obtain the work 
which they da The work done by the driving forces in 
one revolution is equal to the work done against friction, 
together with the useful work done by the screw in push- 
ing or pulling Leaving friction out of account, and 
taking the case of the screw-press or vice, where the 
driving forces do not press the screw home but simply 
turn it, the sum of the two driving forces, multiplied 
by the circumference of the circle which the hands 
of the operator describe, will be equal to the pushing 
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or pulling force exerted by the screw, multiplied by the 
distance between the threads, this latter being obviously 
the distance that the screw advances in one revolution. 
As this is an exceedingly small distance compared with 
the circle described by the hands, the push or pull exerted 
by the screw is exceedingly great compared with the driv- 
ing forces applied to the handles. 



Chapter V. 
MOTION UNDER THE ACTION OF FORCE. 

45. Laws of Falling Bodies. — When a heavy body is 
dropped from a height, it falls faster and faster until it 
strikes the ground. At the end of 1 second it has a 
velocity of 32 ft per second; but its average velocity for 
the whole of the first second is only 16 ft per second, 
and the distance that it falls in the first second is there- 
fore 16 ft At the end of 2 seconds its velocity is 64, 
but its average velocity for these 2 seconds is 32 ft per 
second, and the distance that it falls in the 2 seconds is 
therefore 64 feet, or 4 times the space in the first second. 
In 3 seconds the distance fallen is 9 times 16, or 144 ft, 
and so on, the multiplier being always the square of the 
number of seconds. 

These statements are tolerably exact for such bodies as 
good-sized pebbles or bullets, up to a distance of a few 
hundred feet, and for a large block of stone they would 
remain true for still greater distances. In these cases 
the resistance of the air does not make much difference. 
They are not true for such a body as a feather falling in 
air, but if the air were removed a feather would fall just 
as fast as a stone or a piece of lead. This is usually 
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proved by putting a feather and a piece of lead into a 
long tube from which the air can be pumped out, and 
then inverting the tube so that the lead and the feather 
fall from one end of it to the other. 

When we want to throw a stone upwards to any par- 
ticular height, we must throw it with exactly the same 
velocity with which it would strike the ground if it fell 
from that height. In other words, a stone falls back 
with the same velocity with which it was thrown up. 

46. If the heavy body, instead of being dropped, is 
thrown horizontally, it moves in the manner represented 
in fig. 31. To understand 

6 

what it does, we may con- r 
veniently regard its motion 
as consisting of two parts, 
horizontal motion and vertical 
motion. Its horizontal velo- 
city will be uniform, and its 
vertical motion will be the 
same as if it had not been 
thrown but simply dropped. 
The figure is placed at 
the starting-point, through 
which two straight lines are 
drawn, one vertical and the 
other horizontal. On the 
vertical line the length from 
to 1 represents 16 ft., the length from to 4 is 4 times 
16 ft, and so on. On the horizontal line the distance 
from to 1 represents the distance in one second due to 
the velocity of projection; for instance, if the body is 
thrown with a velocity of 40 ft. per second the distance 
from to 1 represents 40 ft. The figures 0, 1, 2, 3, 4, 5 are 
equidistant, and are placed at the positions which the 




Fig. 31. 
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body would occupy at the end of successive seconds if it 
moved in a straight line with its initial velocity con- 
tinued uniform. We are to draw vertical lines through 
these points and horizontal lines through the other set of 
points, as is done in the figure, and the points of meet- 
ing will represent the actual positions of the falling body 
at the ends of the successive seconds. 

The path of the body is a curved line, called a para- 
bola. If the body be thrown back from any point in its 
path with the same velocity with which it arrived there, 
it will retrace its path upwards; and supposing no ob- 
stacle to be in the way it will pass through and 
descend in an exactly similar curve on the other side. 
A stone or a cricket-ball when thrown describes a para- 
bola, except in so far as the resistance of the air may 
slightly interfere with its movement. In the case of 
bomb-shells, cannon-balls, and musket or rifle bullets, the 
velocity is so high that the resistance of the air tells 
very much, and causes a considerable loss of velocity; 
but it is important to remark that however great the 
velocity of discharge may be, the path will never be quite 
straight. It is always a curve, though it may be so flat 
that a portion some yards long would easily be mistaken 
for a* straight line. This is allowed for in taking aim 
with rifles. The barrel is always pointed above the 
mark, and is turned up more and more as the distance 
increases. 

47. The greater the velocity of discharge the flatter 
the curve will be; and if the projectile were above the 
earth's atmosphere so as to move without resistance, a 
certain velocity, which is easily calculated, would make 
its curvature as flat as that of the earth's surface, so that 
it would circle round the earth and be a satellite. 

The force which keeps any satellite revolving round 
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its primary is precisely similar to the force which, deter- 
mines the course of a cricket-ball as it is travelling 
through the air; and the movements of the primary 
planets themselves in their courses round the sun are 
similarly explained. 

48. Centrifugal Force. We must now say a little 
about what is commonly called centrifugal force. We 
shall first give some examples of it, and then explain 
what it is. 

When a stone is swung round in a sling, the strings are 
kept tight by the tendency of the stone to get away. It 
is to be observed, however, that when the stone does get 
away it does not fly outwards from the centre of the 
circle it has been describing, but goes i 

off at a tangent. 

A rapidly revolving wheel in like 
manner throws off water or mud in 
the direction of a tangent to the wheel 

Again, if we are travelling in a rail- 
way train, and suddenly come from a 
straight part of the line to a sharp 
curve where the line turns round to 
the right, we find ourselves thrown to 
the left side of the carriage — that is, 
towards the outside of the curve. 

Again, if a vessel of water (fig. 32) 
is rapidly rotated round its axis (the 
dotted line in the figure), the water 
in the vessel, instead of having a level 
surface, will be concave — the middle 
will be lower than the outside; and if 
the rotation is very rapid the hollow may even extend 
down to the very bottom, and leave a dry place in the 
centre with a circular wall of water all round it 
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All these effects are popularly attributed to centrifugal 
force. Now let us see how they are to be explained. 

49. Let A D (fig. 33) be the direction in which a car- 
riage has been proceeding till it comes to the curve A B. 
If a person is standing on the floor of the carriage his 
feet are compelled to follow the curve, and his body (if 
he makes no special effort) continues moving along AD, 

thus giving him a ten- 

_I> dency to fall over to the 

w M ,, left, because his feet are 

Fig. 83. B 

carried from under him 
to the right. He feels as if he were thrown towards the 
left side of the carriage, whereas, what really happens is, 
the left side of the carriage moves towards him. 

The same figure may represent a small portion of the 
path of the stone in the sling. AD is the direction in 
which the stone would move if it were released at A, 
but the pressure of the leather against it makes it move 
in the curve. The pressure of the leather must be just 
as much as would move the same stone from rest through 
the distance D B in the same time. The string has to 
exert a pull equal to this pressure, and is therefore kept 
tight. 

In like manner the sides of the whirling vessel in fig. 
32 press the water; and the water is squeezed up by 
this pressure for the same reason that, when a glass half 
full of water is suddenly pushed forward, it rises against 
the side from which the push comes. 

50. Our next subject is the pendulum. 

In studying the laws of pendulums experimentally, we 
may begin by employing leaden bullets suspended by 
threads of various lengths. We shall find that lengthen- 
ing the thread retards the vibrations, and that if we 
want to make the vibrations twice as slow we must make 
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the thread four times as long; to make them three times 

as slow we must make the thread nine 

times as long, and so on; that is, the length 

of the thread must be inversely as the 

square of the number of vibrations made 

in a given time. 

We shall also find that the quickness 
of vibration is hardly affected at all by the 
extent of the swing, as long as this is kept 
within moderate limits. For instance, if 
the thread is a yard long, we shall not be 
able to detect any difference when we make 
the bullet swing first to one inch on each 
side of the lowest point, and secondly to 
two inches on each side. This is the pro- 
perty which makes the pendulum so useful 
as a time-keeper. 

The pendulum of a clock has a heavy 
weight M (fig. 34) called the bob, near the 
lower end, and a screw V for raising or 
lowering the bob to a small extent. Screw- 
ing up the bob makes the pendulum go 
quicker. The rate at which a clock goes 
chiefly depends on its pendulum; if the 
pendulum is taken off, the clock runs on 
more than a hundred times as fast as it 
ought to do. The pendulum checks the 
clock by means of a wheel called the 
escapement wheel, which can only advance 
one tooth for each double swing of the pen- 
dulum. When a clock is found to be losing, 
the bob of its pendulum must be screwed 
up, as this will make the pendulum go quicker; when it 
is gaining, the bob must be screwed down. 
6 
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51. When a pendulum is suspended apart from a clock, 
and mounted in such a way as to have the least possible 
friction at its supports, it will make some hundreds or 
thousands of vibrations after being fairly set swinging, 
before it comes to rest By counting a large number of 
vibrations, and observing the total time which they 
occupy, the quickness of vibration is very accurately 
known; and it is from observations of this kind that our 
knowledge of the variations of gravity over the earth's 
surface is chiefly derived; for a pendulum vibrates fastest 
where gravity is strongest If a pendulum were carried 
to a planet where gravity is four times as strong as at the 
earth, it would vibrate twice as fast 
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Chapter VL-PRESSUKE OF FLUIDS. 

52. We now come to that branch of Dynamics which 
relates to fluids, under which name are included both 
liquids and gases. It is called Hydrostatics, and that 
part of it which relates to gases is called Pneumatics. 

53. One of the fundamental properties of a fluid is that 
the pressure at any point in it is the same in all direc- 
tions. The air in a room presses against every surface 
exposed to it — whether the floor, the ceiling, the walls, 
or the surfaces of objects in the room, with a force which 
amounts to nearly 15 lbs. for each square inch of surface, 
or rather less than a ton for each square foot. If we have 
a piston one square foot in area which can travel air- 
tight in a cylinder, and there is vacuum on one side of it, 
while the other side is exposed to the pressure of the air, 
a force of nearly a ton will be required to hold the piston 
in its place and prevent it from moving towards the side 
on which the vacuum is; and this will be equally true 
whether the cylinder is fixed in a vertical, a horizontal, 
or an oblique position. 

The amount of pressure exerted by the atmosphere upon 
a plane surface is proportional to the area of the surface. 
It can be expressed as so many pounds. But the inten- 
sity of the pressure is the same whether the area be small 
or large, and can be expressed as so many pounds per 
square inch. The word pressure alone sometimes means 
amount of pressure, but more frequently intensity of 
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pressure, and we must judge in each case by the context 
which is meant When "the pressure at a point" is 
spoken of, it is intensity that is meant, and we shall 
generally employ the word pressure in this sense. 

A pressure equal in intensity to that exerted by ordi- 
nary air is often called " a pressure of one atmosphere," or 
sometimes simply "an atmosphere," and other pressures are 
often expressed as so many atmospheres. Pressures up to 
5 or 10 atmospheres are very common in steam-engines. 

Though ordinary air is at a pressure of about 15 lbs. 
per square inch, it must not be supposed that this parti* 
cular pressure is an inherent property of air. By com- 
pressing air we can make its pressure many times greater, 
and by allowing it to expand we* pan make its pressure 
many times less. We shall return to this subject later. 

54. We have now to speak of the pressure of liquids. 
If the upper surface of a liquid is exposed to the air, as 
is usually the case, the pressure just beneath the surface 
is a little greater than atmospheric, and the deeper we 
go down the greater the pressure becomes— a fact well 
known to swimmers, the increased pressure being very 
sensible in their ears when they dive deep. The pressure 
increases at the rate of about one atmosphere for every 
34 feet that we go down; so that at 34 feet deep it is 
two atmospheres, at 68 feet three atmospheres, and so on. 

55. The reason why the pressure increases with the 
depth is because the liquid is heavy. If we have a cylin- 
drical jar filled to any depth with liquid, the bottom has 
to bear the whole weight of the liquid; for the pressure 
at the sides is horizontal, and there are no vertical forces 
acting on the liquid except its own weight and the pres- 
sures on its top and bottom. The air presses it down 
from above, and the bottom of the vessel presses it up 
from below. The bottom has therefore to exert an 



amount of pressure equal to the weight of the liquid 
together with the amount of pressure exerted by the 
atmosphere on the top. The pressure on a square inch 
of the bottom will therefore be equal to the weight of 
the column of water which stands upon this square inch 
as base, together with 15 lbs., which is the amount of 
atmospheric pressure on the top of the column, 

We thus see that the pressure of a liquid, with its sur- 
face exposed to the air, can be separated into two parts, 
one part being due to the weight of the liquid, and the 
other part being the atmospheric pressure which is trans- 
mitted through the liquid from above. In a large pro- 
portion of the cases 
which call for prac- 
tical calculation, at- 
mospheric pressure 
can be left out of ac- 
count, not because it 
is small, but because 
it does not influence 
the result; for when 
pressure is uniform 
all round a body it 
does not tend to move 
the body one way 
more than another. 

66. Thoexperiment 
represented in fig. 35 
affords a good illustra- 
tion of the fact that 
liquids press upwards 

as well as downwards. A lamp chimney, or any tube 
Open at both ends, is taken, and a piece of thin card 
is cut rather larger than one end of the tube. It is well 
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to soak the card in water to make it fit more closely. 
Then, having covered the lower end with this card, 
plunge it in water, and the water will hold it up, keeping 
it tightly pressed against the end. Now gradually pour 
in water at the top of the tube, and it will be Heen that 
just at the moment when the level becomes the same in- 
side as out, the card becomes loose and moves away. A 




thread may be employed, as in the figure, for holding the 
card in its place, but the experiment can be better per- 
formed without it 

57. As we descend in a liquid, the pressure increases, 
as we ascend it decreases, and as we travel horizontally 
it does not change at all. 

If a number of tubes or vessels containing the same 
liquid are in communication with each other at the 
bottom, and are open to the air at the top, the liquid 
will stand at the same height in them all, as in fig. 36, 
which also shows a fountain spouting to nearly the same 
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height It is necessary, however, to remark, by way of 
caution, that no outflow must be permitted if we want 
the levels to be exactly the same, for an outflow implies 
a current, and when there is a current flowing from one 
tube to another, the level is higher in the tube from 
which the liquid flows. When the tubes are far apart, 
this difference may be very considerable, and it amounts 
to several feet in the water supply of towns. If no water 
were being drawn from the pipes, and there were no 
leakage, the water would stand at the same level in a house 
distant from the reservoir as in the reservoir itself; but as 
long as there is a current from the reservoir to the house, 
we may be sure that the levels have not yet been equalized. 
If one or more of the connected tubes in the above 
experiment, or in the water-level shown in fig. 37, be 
stopped with a cork or with the finger, we may have 
very different levels in the different tubes; for the pres- 
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sure in the upper part of a plugged tube may be greater or 
less than atmospheric. The equality of levels will also be 
disturbed by blowing or sucking. By blowing into one 
end we increase the pressure over the liquid at this end, 
and thus lower its level. By sucking, we diminish the 
pressure and raise the level. 

68. The instrument shown in fig. 37, and called a 
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water-level, is uracil used in surveying, when quickness is 
more essential than extreme accuracy. It is attached to 
a tripod stand which only requires to be planted firmly 




on the ground, and there is no necessity for the connect- 
ing tube b b to be exactly horizontal As soon as the tubes 
are uncorked, the water will find its own level in the two 
upright tubes at m and n, and the observer is thus 
furnished with a line of sight ran, which he knows to he 
horizontal Fig. 38 explains how, with the aid of this 




instrument, the difference of the levels of the ground at 
two stations A and B can be determined. 
Spirit-levels, fig. 39, depend upon a different principle 



— illustrated by fig. 40 — the principle that the bubble 




e to the highest part of the tube. The tube is 
, always slightly 
L convex upwards, 
and its middle 
point is the high- 
est only when 
both ends are at 
the same level. 

Fig. 41 repre- 
sents a telescope 
with a spirit-level 
attached, mount- 
ed on a tripod 
stand. This is the kind of instrument that is employed 
in surveying for railways, or other purposes requiring the 
determination of . . ____ -.., 

levels with great !*■ 

accuracy. 

09. If we have 
two different li- 
quids in tubes con- 
nected at the bot- 
tom, they will not 
stand at the same 
level unless they 
happen to beof the 
same density; but 
the surface of the 
lighter liquid will 
be the higher. The 
difference is most 
noticeable when 
the difference of 
density is very great, as in the case of water and mercury. 
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Fig. 43. 



Fig. 42 shows the result of first pouring mercury into a 
bent tube open at both ends, and then pouring in water 
on the top of one of its surfaces. This surface will be 
depressed by the weight of the water above it, and the 
other surface will be forced up, but only to a very small 

distance compared with the depth of the 
water. The figure shows the lower of the 
two mercury surfaces standing at the height 
marked 5 on the scale, and the higher at 
d 8, while the water is standing at about 47. 
\t£/ The height of the water column is there- 
fore 47-5 or 42, and the difference of 
levels of the two mercury surfaces is 3. 
The ratio of 42 to 3 is 14 to 1, and mer- 
cury is about 14 times as heavy as water. The reason 
may be understood by considering fig. 43, which repre- 
sents a similar distribution of water and mercury. E E' 
is a horizontal line drawn across from the surface of junc- 
tion of the two liquids at E. The pressure at E' must be 
the same as at E, because, as we travel from 
one of these points to the other through 
the mercury in the bend, the increase of 
pressure in going down from E to the 
lowest point will be exactly equal to the 
decrease in going up from the lowest point 
to E'. But the pressure at E' is due to the 
column E'D of mercury, while the pressure 
at E is due to the column E A of water, 
and the pressure due to a column of liquid 
is jointly proportional to its height and its 
density. The heights EA and E'D are therefore in- 
versely as the densities. 

60. Fig. 44 represents an instrument called a pipette, 
which is intended to be partly filled with liquid by sucking 
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at the upper end, while the lower end, which is small, 
is immersed in the liquid which we wish to draw up. 
When enough liquid has been sucked up, the mouth may 
be removed and the top closed air-tight with the finger. 
The instrument with its contents may then be lifted and 
carried about without the liquid running out. The air 
above the liquid in the instru- 
ment is at less than atmo- 
spheric pressure, and though 
the pressure increases as we 
travel down the liquid, it only 
just attains atmospheric pres- 
sure at the bottom. 

61. Fig. 45 shows the con- 
struction of an ordinary 
suction -pump. There is a 
tube leading from the water 
in the well to a wider part 
called the barrel, in which the 
piston works up and down. 
There is a valve at the top of 
the tube, which permits water 
to pass from the tube to the 
barrel, but prevents it from 
returning. There is also a 
valve (or in the figure a pair 
of valves) in the piston, per- 
mitting the water to pass up, 
but not to pass down. = — " ~~ 

62. When we begin to work the pump after it has been 
standing idle for some time, the barrel and tube are full 
of air down to the level of the water in the well As we 
raise the piston from the bottom of the barrel to the top, 
we expand the air beneath it, thus diminishing its pressure, 




72 HYDROSTATICS. 

and causing the water to rise in the tube, to such a height 
as will keep the pressure in the lower part of the tube equal 
to the pressure in the water outside at the same leveL 
The pressure at that point of the tube which is level with 
the surface of the water in the well, must be equal to 
atmospheric. In the descent of the piston, the lower 
valve closes, and the air which was in the barrel escapes 
upwards through the valves in the piston. In the next 
ascent of the piston the remaining air becomes still more 
expanded than in the first upstroke, and the water rises 
higher. It thus after a few preliminary strokes rises into 
the barrel, and the regular working of the pump begins. 

In the regular working there is no air to be expanded 
by the ascent of the piston. The piston is completely 
immersed in water, and as it rises the water rises with it, 
the reason being that the column of water from the piston 
down to the well is not tall enough to balance atmo- 
spheric pressure which acts on the surface of the water 
in the well The column is accordingly not only sustained 
by atmospheric pressure, but pressed by it against the 
bottom of the piston. If we stop pumping for a moment, 
so as to leave the water at rest, the pressure at any point 
in the tube can be calculated from knowing that it is 
atmospheric at the point which is level with the external 
water-surface, and that it decreases upwards at the rate 
of one atmosphere of pressure for 34 feet. Thus, at the 
height of 17 feet the pressure will be half an atmosphere; 
at the height of 8J feet it will bd three quarters of an 
atmosphere, and at the height of 25J feet one quarter of 
an atmosphere. This is about as high as it would be safe 
to place the piston, as some margin must be left to allow 
for leakage. 

63. When once the water has passed up through the 
valves in the piston, it is no longer dependent on atmo- 
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spheric pressure for its support, but is simply pushed up 
by the piston. Hence the height of the spout above the 
piston is not limited by any considerations of atmo- 
spheric pressure. It is sometimes as much as 50 ft., in 
which case the pump is called a Uft-pump s but more usu- 
ally it is only a few inches. 

If the piston is leaky, it is advantageous to pour in 
water, and so expel air from the barrel before beginning 
to pump, leaks being of less consequence with water than 
with air, because water does not expand as air does. 

64. In the force-pump there are also two valves, which 
are shown at A and C, fig. 50 (art. 70). One of them 
A opens upwards from the supply-tube into the barrel, 
just as in the suction-pump, and the other C opens 
outwards from the barrel to the discharge-pipe. A com- 




bination of two force-pumps is shown in fig. 46, which is 
a section of a fire-engine. The left-hand piston is as- 
cending, and water is flowing into its barrel through the 
valve at the bottom. The right-hand piston is descending, 
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and the water is being forced out from its barrel through 
the valve at the side into a central reservoir. From this 
reservoir the water rushes up the tube in its centre, which 
is in connection with the hose (not shown in the figure). 
It will be seen in the figure that the water does not 
rise to the top of the central reservoir, but has an air- 




space above it. The air in this space is in a state of com- 
pression, and if allowed to expand to atmospheric pressure 
would extend down to the lower end of the central tube. 
It expands a little between one stroke and the next, and 
is compressed again by each stroke. It thus acts the 
part of a spring and makes the discharge continuous. 

65. The siphon, in its simplest form, is merely a tube 
with both ends bent down (fig. 47). If we put one end 
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into a vessel of water, and suck at the other end till the 
water comes over, we may leave off sucking, and the 
water will go on flowing of itself, provided that the dis- 
charging end is at a lower level than the surface of the 
water in the vessel 

Instead of sucking, we may first fill the tube by dipping 
it in a tub of water, and then keep the ends plugged with 
our fingers till we have carried it into position. 

Instead of letting it discharge into the air, we may 
keep the discharging end in water, and the flow will con- 
tinue till this water rises to the same level as that in the 
upper vessel. 

66. The water has to run uphill in the first part of its pas- 
sage through the siphon, but it then runs downhill through 
a greater distance, and the ultimate tendency is for the 
water by flowing through the siphon to find its own level 

We may substantially explain the principle of the 
siphon by saying that the greater weight of the taller 
column pulls the shorter column over, while atmospheric 
pressure binds the whole together. 

The following explanation is more complete: — 

67. Let m n, m' n' (fig. 48) be the surfaces of the liquid 
in the two vessels, c the highest 
point of the siphon, a b and 
a' b' the parts of it which are at 
the levels of the two water-sur- 
faces. Let h be the height of c 
above a b and K (a larger quan- Fig « 
tity) its height above a' b'. 

Suppose a plug were inserted at a b, the pressure against 
its under side would be atmospheric, and the pressure against 
its upper side would be less than atmospheric, because 
it is equal to the pressure at the same level in the other 
limb, which is less than that at the lower level a'b'. 
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The plug will therefore be pressed up more than it is 
pressed down, and hence if the plug is taken away the 
water will flow up. If we had supposed the plug to be 
at a!b\ there would have been atmospheric pressure below 
it, and more than atmospheric pressure above it In fact, 
if H denotes the height of a column of water which 
would balance atmospheric pressure, we should have a 
pressure H at a b, a pressure H - h at c the highest point 
of the siphon, and a pressure H - h+h' at the top of the 
plug at a'b'. But H-A+A' is greater than H by the 
amount h' - h. We can show that at whatever point of 
the tube the plug is placed, the difference of pressures on 
its two sides is h' - A, always tending from a b towards 
a' b'; hence it is clear that if there is no plug, the water 
will be forced through the tube in this direction. 

68. Principle of the Hydraulic Press. — Any addi- 
tional pressure that we apply to one part of a confined 
liquid is transmitted to the whole. Thus if we have a 

liquid in equilibrium in a 
closed vessel fitted with a 
piston, and we press the pis- 
ton, the pressure is increased 
just as much in the distant as 
in the near portions of the 
liquid. If the piston has an 
area of 1 square inch, and 
we press it with a force of 
10 lbs., we produce a pressure 
of 10 lbs. per square inch 
throughout the whole of the 
liquid, in addition to the pressure which existed before. 
If the piston had an area of 2 square inches, it would 
need a force of 20 lbs. to produce the same effect. Hence 
we have an easy way to make a small force balance a 



lift. 
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large one by means of a liquid; we have simply to make 
them push two pistons having areas proportional to the 
forces, as illustrated by fig. 49, which represents a weight 
balancing another 16 times as great The large piston 
must have 16 times the area of the small one. 

69. It is easy to show that the "principle of work" 
holds here, as in all other arrangements for making a less 
force balance a greater ; for if the one piston pushes back 
the other, the same quantity of liquid 
which leaves one cylinder will enter the 
other, and the length which this quan- 
tity of liquid occupies will be 16 times 
as great in the small cylinder as in the 
large one — that is, the small piston 
must move 16 times as far as the large 
one. Thus the work done, as computed 
by multiplying force by distance, will 
be the same at both pistons. 

70. Instead of a piston working in a 
cylinder which it fits, we may employ 
a solid cylinder of the same area, and 
force it into the liquid. It will displace 
just as much liquid as the piston, if we 
push it in to the same distance; and it 
requires exactly the same farce to keep 
it in its place; for the pressure against 
the flat end isclearly the same as against 
the piston, and the pressures round the 
sides do not tend to push it either in 
or out Solid cylinders employed in 

this maimer are called plungers, and they are preferable 
to pistons when very strong pressure is required, because 
they can be made more water-tight A force-pump with 
a plunger is shown in fig. 50. 
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71. In the hydraulic press, which is shown in section in 
fig. 5 1 , there is a lever handle L, by means of which a small 
plunger is worked up and down in a small cylinder a a 
furnished with two valves (not shown) similar to the 




valves of a force-pump. Water is thus drawn from a 
surrounding reservoir and forced through the tube C C C 
into the large cylinder V, in which a large plunger A A 
works. The large plunger is thus forced to rise, carrying 
with it the large plate B'B' on which the gooda to be 
pressed are placed. The force applied to the handle L is 
multiplied by means of the lever, so as to produce a much 
greater force at I pressing down the small plunger, and 
this force is again multiplied on account of the inequality 
of the sizes of the plungers, so that the force which drives 
tip the plate of the press is as many times greater than 
the force applied at I as the section of the large plunger 
is greater than that of the small one. 
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Chapter VII.— BAKOMETEB. AIE-PUMP. 

72. The pressure of the atmosphere does not remain 
the same from day to day or from hour to hour. Any 
instrument which measures it is called a barometer. 
The simplest way of making a barometer is the fol- 
lowing. 

Take a straight glass tube more than 31 inches long, 
closed at one end and open at the other. Pour in mer- 
cury at the open end till the tube is quite full, then press 
the finger on the open end, and having inverted the tube, 
plunge the lower end, where the finger is, in a bowl of 
mercury, and remove the finger. The mercury will fall 
away from the top of the tube, and stand at a height 
which measures the pressure of the atmosphere (see fig. 
52). The space A C above the mercury is vacuous. It 
would be a nearly perfect vacuum if all the air had been 
expelled from the tube before inverting it; but if we 
merely operate as above described, there will be bubbles 
of air between the mercury and the glass, and some of 
them will get into the space A C, where they will expand, 
and fill the space with highly rarefied air. To mitigate 
this evil, it is well to begin by filling the tube not quite 
full, but leaving about an inch unoccupied with mercury, 
then to stop the end with the finger, and invert and re- 
invert several times. The inch of air passing backwards 
and forwards from end to end scours away the bubbles. 
The experiment may then be completed by filling up 
the last inch and inverting in the bowl of mercury. In 
the best barometers the mercury is boiled in the tube, 
and the vapour of the boiling mercury very effectually 
expels the air. 

73. Even when no such precautions are taken, if the 
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space A C is as long as 4 or 5 inches, the little air which 
is in it will have expanded so much that it scarcely 
makes any difference in the height at which the mercury 
stands; then the pressure produced by the weight of the 




Fig. 59.— Torricellian Experiment. 

column of mercury balances the pressure of the external 
air. The height of the column is to be measured, not from 
the end of the glass tube, which may be immersed to any 
depth, but from the surface of the mercury in the bowl; 
for this surface is at atmospheric pressure, and the mer- 
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cury inside the tube at the same level has the same 
pressure. If we incline the tube to one side, the summit 
of the column gets nearer to A, but its vertical height 
above the mercury in the bowl remains unchanged. 
This -height is the same when the tube is very large as 
when it is only moderately large. 

74. To explain how the pressure of the air is calculated, 

we shall suppose the area of a section of the column to 

be exactly a square inch. Then if the column is upright 

and 30 inches high, it consists of 30 cubic inches of 

mercury, and the weight of this column of mercury is 

equal to the pressure on its base. The pressure per 

square inch is therefore the weight of 30 cubic inches of 

mercury, and as a cubic inch of mercury weighs nearly 

half a pound, this is nearly 15 lbs.; 14*7 lbs. is rather 

nearer. This then is the pressure of the air per square 

inch when the barometer stands at 30 inches. As the 

height of the column changes from time to time, the 

pressure of the air changes in the same proportion. For 

instance, when the barometer stands at 29 inches, the pres- 

29 
sure is — x 14*7, or about 14*2 lbs. per square inch. 

The first person who ever measured the pressure of 
the air was Torricelli, a pupil of Galileo. He contrived 
the experiment above described of inverting a tube of 
mercury, which is called after him the Torricellian experi- 
ment, and the vacuum above the mercury is called a 
Torricellian vacuum, 

75. The pressure of the air is simply due to its weight, 
the lower strata of air being pressed by the weight of 
all the strata above them. If we go to the top of a 
mountain, we leave a portion of the air below us, and 
have no longer to bear its weight. The pressure accor- 
dingly diminishes as we ascend. In ascending a mountain 
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a thousand, feet high, the fall of the barometric column 
of mercury is rather more than an inch. 

76. Mercury is about 13'6 times as heavy as water; 
hence the column of water required to balance a 30-inch 
column of mercury has a length of 30 in. x 136 = 408 in. 
— 34 ft. This would be the height of the column in a water- 
barometer, and a still lighter liquid, glycerine, is sometimes 
used, giving a barometric column of still greater length. 

Warm mercury gives a rather longer column than cold 
mercury because it is lighter, and this is allowed for 
when accurate determinations of atmospheric pressure 
are required. It is agreed by general consent 
that the temperature at which water freezes 
(0° Cent, or 32° Fahr.) shall be regarded as the 
standard temperature for the mercury, and 
when the temperature is higher than this a 
small correction must be subtracted. 

77. Another cause of difference arises from 
what is called capillarity. The top of the 
mercurial column is not flat but convex, as in 
fig. 52, and this circumstance (as we shall ex- 
plain further on) tends to keep down the top 
of the column. The effect is greatest in small 
tubes, and is scarcely sensible when the dia- 
meter is as much as half an inch. The length 
of the column is always to be measured up to 
the highest point of the convex surface, and 
even this is a little below the height that we 
'II should obtain in a very large tube. A correc- 
i^o-j(£h™ t j 0Ili „q Uft i to this difference, is added, when 

accurate measurement is required. 
78. In some barometers, instead of a straight tube 
ith a reservoir at the bottom, there is a curved tube, 
i in fig. 53, the shorter branch being open to the air. 
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In such instruments (called sipkm-iarometers T from their 
resemblance to an inverted siphon), the difference of 
level between the two ends of the mercurial column is 
to be taken as the measure of atmospheric pressure. 

79. There is another kind of barometer which is now 
very common, called the aneroid. As it contains no 




liquid it is much more portable than mercurial baro- 
meters, which require great care in carrying them to 
avoid breakage. Our readers are doubtless familiar 
with its external appearance, and fig. 54 shows its con- 
struction. Its action depends on the pressure of the 
air upon the flexible top of an air-tight metal box, which 
is pushed in more or less as atmospheric pressure is 
stronger or weaker. The flexible top is corrugated to 
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make it more smooth and regular in its movements, and 
is held up in the centre by a large external spring ft 
which prevents the top from being crushed in too far. 
The up and down movements of the top of the box are 
magnified, first by a system of levers, and secondly by a 
fine chain coiled round the axle on which the hand is 
mounted. The hand moves along a face like the face 
of a clock (not shown in the figure), which is marked 
with divisions representing inches and decimals of an 
inch of mercury in a mercurial barometer, so that, for 
instance, when the hand points at 29, we know 
that the pressure of the air is equal to 29 inches 
of mercury. 

80. Boyle's Law. — Everyone knows that 
when we compress air into smaller space we in- 
crease its pressure, and that when we allow it 
to expand its pressure diminishes. An experi- 
ment to show how much the pressure changes 
can be made in the following way. 

Take a bent tube of glass, as in fig. 55, having 
the short branch closed and the long branch 
open. Pour in a little mercury so as to fill the 
bend and leave only the two straight portions 
unoccupied. The mercury in the bend must be 
made to stand at the same level at both ends, 
M, M. At first the outer end will be the higher, 
because the air in the closed branch is slightly 
I compressed by the rising of the mercury, but by 

iifL il inclining the tube and allowing a little of the 
^^ compressed air to bubble through the mer- 
cury, the equality of pressure can be restored. 
Then make a mark on the tube to show the level M M 
at which the mercury is now standing, and measure the 
length of the space MA occupied by the confined air. 
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Now pour in a great deal more mercury. The mercury 
will rise in the closed limb, though not near so much as 
in the other, and if we stop when it has risen half-way 
from M to A, thus compressing the air to half its original 
volume, we shall find that the difference of level between 
the tops of the two columns is about 30 inches. The 
pressure is therefore greater by 30 inches of mercury or 
1 atmosphere in the confined than in the open air; and 
as the open air is at a pressure of 1 atmosphere the con- 
fined air is at a pressure of 2 atmospheres. 

81. We see, then, that by squeezing air into half its 
original volume we double its pressure, and the rule is 
general, that the pressure varies in the inverse ratio of the 
volume; or, what amounts to the same thing, the pressure 
varies directly as the density. This rule holds whether we 
compress air to greater than atmospheric density, or allow 
it to expand to less than atmospheric density; for 
instance, if we allow it to expand till its volume is multi- 
plied thirtyfold, its pressure, instead of being 30 inches 
of mercury, will only be 1 inch. 

82. One caution must be used in applying the rule. 
We must take care that no difference of temperature 
occurs, for the higher the temperature the greater will be 
the pressure at the same density, and the law is only true 
when the temperatures are the same. The law is some- 
times called Boyle's Law and sometimes Mariotte's Law. 

Air-pumps. 

83. In one of the simplest and best forms of air-pump, 
represented in the annexed symbolic sketch (fig. 56), a 
piston P, with a valve V in it, works in a barrel BB, 
communicating with the outer air by a valve U at its 
upper end, and with the receiver E by a tube T, which 

8 
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Fig M. 
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enters the barrel at a small distance (equal to the thick- 
ness of the piston) from the lower end Both valves open 
upwards. 

In the up-stroke the piston-valve V keeps shut, and 
the air above the piston is pushed out of the barrel through 

the valve U. In the down- 
stroke, U is kept closed by 
the preponderance of at- 
mospheric pressure out- 
side, and the piston-valve 
V opens, allowing the air 
to pass up through it as 
— the piston descends to the 
bottom of the barrel 

84. The valves of air- 
pumps are of two kinds, 
silk valves and mechanical 
valves. In silk valves, 
which are the kind usually 
employed by English makers, there is a short and nar- 
row slit in a thin plate of brass, and a flap of oiled silk 
is secured at both ends to the plate in such a position 
that its central portion covers the slit. When the pres- 
sure of the air is greater on the further side of the plate 
than on the side where the silk is, the flap is slightly 
lifted and the air gets through; but excess of pressure in 
the opposite direction presses the flap down over the slit 
and makes it air-tight. 

85. S and S' in fig. 57 are mechanical valves. The 
valve S' is carried by a rod which passes through the 
piston, fitting tightly enough to be lifted by the piston 
when the up-stroke begins; but its ascent is almost im- 
mediately arrested by a stop near the upper end of the 
rod, and the piston slides upon the rod during the re- 
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mainder of the up-stroke. The piston-valve S is all this 
time kept closed by a weak spiral spring. In the down- 
stroke the piston first carries down the valve-rod with 
it and closes the valve S'. It then slides upon the rod 




till it reaches the bottom of the barrel, and during the 
latter part of this movement the piston-valve S is opened 
by the pressure of the air beneath it. 

86. An air-pump is usually provided with two stop- 
cocks — one for opening and intercepting communication 
between the barrel and the receiver, the other for admit- 
ting the external air to the latter — a precaution without 
which it could not be removed from the plate on which 
it rests. The stop-cock E in fig. 57 (shown in section at 
O) does duty for both purposes, being pierced with two 
openings which do not communicate with each other. 
When the pump is working, one of these holes forms a 
continuation of the air-passage, as shown at E, and the 
other hole is idle, being open to the air at both ends. 
If the stop-cock is now turned through a right angle in 
one direction so as to take the position shown in the 
upper figure, the receiver is put in communication with 
the external air, whereas, if it is turned through a right 
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angle in the other direction, the receiver will be cut off 
both from the external air and from the pump-barrel 

87. F in the same figure is a mercurial gauge, equiva- 
lent to a siphon barometer. The difference of level of 
the mercury in its two branches is the measure of the 
pressure in the receiver. Another form of mercurial 
gauge is often employed, consisting of a glass tube 
more than 30 inches long, open at both ends. Its 
lower end dips in a cistern of mercury, and its upper 
end communicates with the receiver. The height of the 
mercury in the tube above that in the cistern measures 
the difference between the pressure in the receiver and 
that in the external air. Sometimes this tube is side by 
side with a barometer tube, both having the same cistern. 
Then the difference of levels 
in the two columns of mer- 
cury measures the difference 
between the vacuum in the 
receiver and the Torricellian 
vacuum in the barometer. 

88. The double-barrelled 
pump, which is often em- 
ployed, has the advantage of 
avoiding the idle return- 
stroke above mentioned; but 
the same end can be attained 
■with a single barrel by the 
arrangement represented in 
58. In the down-stroke 
the air is expelled through 
the piston-rod, which is hollow; and in the up-stroke, 
through the spring-valve at the top of the barrel. The 
side passage communicates with the receiver. 

89. Compression -pump. — All the air-pumps thus far 
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discussed are for exhaustion. When it is desired to 
charge a vessel with air or gas at high pressure, a com- 
pression-pump is used. It has two valves, as shown in 
fig. 59, one opening inwards and the other outwards. 
Air or gas is admitted into 
the barrel through the for- 
mer (the left-hand valve in 
the figure), and is expelled 
through the latter (the right- 
hand valve) into the vessel 
which is to be charged. If 
the barrel is fed with air or 
gas at constant density, the 
same quantity is forced into 

., . , , , Fig. W.-CompreBion-pnmp. 

the receiver at every stroke, 

and the density of the compressed air accordingly in- 
creases in arithmetical progression. 

90. In each effective stroke of an ordinary air-pump, 
the air in the receiver and connecting passage is ex- 
panded, so as to fill the barrel also, and in the return 
stroke there is no change of density. Suppose the 
receiver and passage to hare nine times the volume of 
the barrel; then in each stroke the expansion is as 9 to 
10, and the density at the end of a stroke is ^j of what 
it was at the beginning. Thus, calling the density of 
the atmosphere unity, the densities after each of the 
first 7 strokes are respectively: — 

■9, -81, -73, "66, -59, -53, -48, 

so that it takes 7 strokes to reduce the density to half 
its original value. The next 7 strokes will halve it 
again, and so on. This reasoning represents the actual 
state of things with sufficient accuracy until the exhaus- 
tion is pretty far advanced, and then certain defects 
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which were of no consequence at first become more and 
more sensible. 

91. One of these defects consists in the fact that even 
when the piston is pushed home, it is not in absolute 
contact with the end of the barrel, but there is a thin 
layer of air between. Eeferring to fig. 56, when the 
piston is at the top of the barrel, this layer of air above 
it is at atmospheric pressure, and during the down-stroke 
it expands with sufficient force to keep the valve V shut 
during part of the descent The valve will not open till 
the presssure becomes the same on both sides of it, and 
it is only the remaining portion of the stroke that is 
useful. The effective portion of the stroke thus becomes 
shorter and shorter, and it may at last vanish altogether, 
the valve not opening at all When this point has been 
reached no improvement in the vacuum will be obtained 
by continuing to pump. Very frequently there is also 
some leakage of external air into the pump or into the 
receiver. The limit of attainable vacuum is very differ- 
ent for different pumps. It should not exceed the pres- 
sure of an inch of mercury, and it is seldom so low as 
y 1 ^ of an inch. It is necessary to keep the piston well 
supplied with oil. It is also necessary for the bottom 
of the receiver to fit the plate very accurately, and to be 
roughened, and well rubbed with stiff grease. Under 
these conditions, and with the stop-cock turned so as to 
isolate the receiver from the barrel, the vacuum will 
sometimes remain for days without sensible deterioration. 

92. The basis of the calculation in art. 90 shows that 
the quickness of the exhaustion depends on the size of 
the barrel as compared with the receiver. With a given 
pump, the smaller the receiver is that we employ, the 
fewer will be the strokes required to obtain a given degree 
of rarefaction. 
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93. For obtaining very perfect vacua (a thousandth or 
a millionth of an atmosphere), the mercurial pump in- 
vented by Spren- 
gel is commonly 
employed; its sim- 
plest form is repre- 
sented in fig. 60. 
The length x d 
must be more than 
30 ins. Mercury 
from the funnel A 
falls in a succession 
of drops down the 
interior of the fine 
tube, cd, and con- 
tinually sweeps 
before it the air 
which enters this 
tube from the re- 
ceiver R. When 
the process has 
been going on for 
half an hour or 
more, the lower 
portion of the tube 
contains a con- 
tinuous column of 
mercury sensibly 
equal in height to 
that in a barome- 
ter, and the drops 
fall on the top of this column with a sharp metallic clink 

94. A number of very instructive experiments can be 
performed with the air-pump. 




Fig. 80.— Sprengel Pump. 
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To show the tendency of air to expand, we may take 
a nearly empty air-tight bag — a bladder, or an indian- 
rubber ball will serve — and having secured its neck care- 
fully so as to prevent leakage, place it under the receiver 
of an air-pump, as shown in the right-hand portion of fig. 61. 




As we exhaust the receiver, the bag will swell out and be- 
come tight, as shown in the left-hand portion of the figure. 
95. Fig. 62 represents an apparatus contrived by Otto 
Guericke of Magdeburg, the inventor of the air-pump, 
for showing the pressure of the air. The two hemi- 
spheres must fit accurately together, and must be well 
greased with tallow at their junction to prevent air 
leaking in. They are then screwed on to the air-pump 
and exhausted. The external air now squeezes them 
tightly together, and the force required to separate them 
can be tested by turning the tap across, unscrewing the 
apparatus from the pump, and attaching handles for 
pulling. The usual size is about 4 inches in diameter, 
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and requires a man's utmost strength to pull the hemi- 
spheres asunder. The following is the 
way to calculate the necessary force. 
If the diameter is 4 inches, the area 
of the circle will be 16 x -7854 = 12 J 
square inches nearly. As there will 
not be a perfect vacuum inside, we will 
allow for this by taking atmospheric 
pressure as 14 instead of 14*7 lbs. per 
square inch. We must multiply 14 lbs. 
by 12£, and this gives 175 lbs. as the 
force with which one hemisphere is 
pressed against the other. 

It would not do to multiply 14 lbs. 
by the surf ace of the hemisphere: for a *-*«. t 

, r . , Magdeburg Hemiapherea. 

the pressure everywhere acts at right 

angles to the surface, and we are only concerned with 

that component of the pressure 
which is parallel to the common 
axis of the two hemispheres. We 
know that a solid hemisphere 
would not be moved by the pres- 
sure of the air, and hence the 
amount of pressure against its 
at base must be exactly the same 
as the resultant of all the pres- 
sures over its convex portion. 

96. Fig. 63 represents the ex- 
periment of bursting, by means 
of atmospheric pressure, a piece 
of bladder tied over the top of a 

Kg. «.-Burrf Bladder. g la * S V68Sel ^ U b ° th ftt fc °P ftnd 

bottom. Thin sheet indian-rubber 
answers better, but requires a taller glass, as the indian- 
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rubber bends down a long distance before it bursts, and 
would touch the plate in tie figure. If bladder is used, 
it should be the thinnest that can be procured. The 
bursting is accompanied by a loud report. 



Chaptee Till.— PRINCIPLES OP FLOATATION. 

97. We have now to speak of the floating and sinking 
of bodies in liquids. 

If we pour water and mercury into a bottle, the mer- 
cury goes to the bottom and the water rests on the top 
of it, the top of the mercury or the bottom of the water 
forming a level surface; and 
any liquids that do not mix 
behave in the same way. 
If we use mercury, water, 
and oil, we shall thus ob- 
tain three horizontal strata, 
ths lightest of the three 
liquids, namely the oil, 
being uppermost, and the 
heaviest, that is the mer- 
cury, lowest. (See fig. 64.) 
A solid ball of iron put 
into water or oil goes to 
the bottom, because it is 
heavier bulk for bulk than 

' *■"■—" '■'— these liquids; but if put 

into mercury it floats, because iron is lighter than mer- 
cury.. 

98. In discussing the floating or sinking of a hollow 
ball of iron, we must compare its weight with that of 
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the water which it would displace if completely immersed. 
This volume is the same as that which would be dis- 
placed by a solid ball of the same external diameter; and 
if the hollow ball weighs less than a sphere of water of this 
size it will float; but if it weighs more it will sink. If it 
has exactly the same weight as the sphere of water, it 
will stay at any depth at which it is placed, neither 
tending to sink nor to rise; but we must not place it so 
high that any of it protrudes above the surface. 

99. When a body floats on a liquid, we may divide it 
in imagination into two parts by supposing the plane of 
the liquid surface to be continued through it. The lower 
of these two parts displaces its own volume of the liquid, 
and the weight of the liquid thus displaced is equal to 
the weight of both parts of the floating body together. 
If the body is hollow, all the hollow space that lies 
below the surface of the liquid must be included in 
reckoning the volume of the lower part; for it is clear 
that the volume of liquid that is pushed out of the way 
when the body is put in, is the same as it would be for a 
solid body of the same external form immersed to the 
same depth. Similar reasoning applies to iron steamers. 
In every case, the weight of the steamer, including all 
that it carries, is equal to the weight of the water which 
it displaces. 

100. A very instructive experiment may be performed 
by putting strong brine into the lower portion of a tall 
vessel (fig. 65) and gently filling up with water. If an egg 
is now gently put in, it will sink through the fresh water, 
because it is heavier than water; but it will not sink in 
the strong brine. It takes up its position at the junction 
of the two, and will remain suspended in the middle of 
the liquid for days or months. If we give it a gentle 
push with a stick, it vibrates up and down, and soon 
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comes to rest in its old position. When poshed lower 
than this, it comes up, because it displaces more than its 
own weight of the liquid- and when placed higher than 




this, it descends, because it displaces less than its own 
weight of the liquid. 

101. In every case, whether a body be totally immersed 
or only partially immersed, it tends to go deeper when 
it is displacing less than its own weight, and to rise 
higher when it is displacing more than its own weight 

This rule applies to gases as well as to liquids, and is 
exemplified by balloons. The gas within a balloon is 
lighter than air, and if the total weight of the balloon 
and all that it carries is less than that of the air which it 
displaces, it will ascend. 

A balloon at starting is usually not fully inflated. As 
it rises, the atmospheric pressure around it diminishes, 
and the gas within it accordingly expands. Suppose the 
balloon to be inflated to T ^ of its capacity. Then it will 
become fully inflated when it reaches a height at which 
the pressure is ^ of the original pressure, and at which 
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the density is accordingly T ^ of the original density. 
The weight of air displaced will then be exactly the 
same as. at starting; for the volume has been increased 
as 9 to 10, and the density diminished as 10 to 9. But 
this calculation leaves out of account the volume of the 
solid parts of the balloon. As these do not expand like 
the gas, they displace a less weight of air than at start- 
ing, and the balloon when it has attained a certain height 
is in equilibrium, like the egg in the vessel of brine and 
water. The weight of coal-gas is about | of that of air. 

102. When we hang a leaden plummet in water by a 
string, the string has not to bear the full weight of the 
plummet, but only the difference between the full weight 
and the weight of the water displaced. The weight 
which the string has to bear is called the apparent weight 
of the plummet, and the difference between the apparent 
weight and the real weight of the plummet is called the 
loss of weight due to immersion. 

Whenever a solid body is completely immersed in a 
liquid, its apparent weight is less than its real weight by 
an amount which is equal to the weight of the liquid 
which it displaces. 

Flint-glass is three times as heavy as water, hence a 
solid lump of flint-glass displaces one-third of its own 
weight of water, and loses one-third of its weight 
apparently, when immersed. Iron, being about 7 times 
as heavy as water, loses about one-seventh of its weight. 

103. This principle furnishes a very easy method of 
comparing the weight of a solid with that of a liquid in 
which it can be immersed without injury. 

If the solid weighs 7 lbs. in air and 5 lbs. in the liquid, 
the weight of liquid displaced is 2 lbs., and the weight of 
the solid is to that of the liquid, bulk for bulk, as 7 to 2. 

The heaviness of a substance as compared with water 
9 



is called its specific gravity; thus a substance which is 
three times as heavy as water is said to have specific 
gravity 3. In the example just given, if the liquid 
be water, the specific gravity of the solid is found by 
dividing 7 by 2, and is 3*5. 

104. Fig. 66 exhibits a convenient arrangement for 
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such determinations of specific gravity, the body being 
suspended from one of the two scale-pans of a balance, 
while weights are placed in the other pan, which is not 
shown in the figure. The body is first weighed before 



and then after immersion. Instead of subtracting one 
of these two weights from the other, we can directly 
observe the loss due to immersion, by first putting sand 
or other suitable material into the other pan till it bal- 
ances the body before immersion, and then after immer- 
sion putting weights into the pan from which the body 
hangs till equilibrium is restored. 

105. Fig. 67 shows the application of the same appa- 
ratus to determining the specific gravities of liquids. A 
glass ball containing mercury is hung from the pan, and 
its loss of 




106. For rapid determinations of the specific gravity 
of liquids, hydrometers are often employed. Some forms 
of them are shown in fig. 68. They have a long stem, 
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which is graduated, and the lower end is weighted with 
mercury to keep them upright when floating in a liquid. 
The lighter the liquid is, the deeper does the hydrometer 
sink; and the observer has always to read off the division 
of the stem that is at the surface of the liquid. Such 
instruments are very much used by excise officers for 
determining the strength of spirits, alcohol being much 
lighter than water. 

107. The human body consists largely of water, and 
has about the same average specific gravity as water. 
Including the cavity of the chest, which contains air, it is 
rather lighter than water; and a person who has sufficient 
skill to keep his nose and mouth uppermost, and to avoid 
oscillations up and down, can float without striking out. 
If the back of the head is allowed to come out of the 
• water, the mouth will go under; for the difference of spe- 
cific gravity is so small that only a very small portion of 
the body can be kept above unless aided by the muscular 
effort of swimming. A rather larger portion can be kept 
above in salt water, on account of its greater density; and 
this makes floating much easier. Sea water is about 2£ 
per cent heavier than fresh water. 



Chapter IX— CAPILLARITY AND DIFFUSION. 

108. We will now give some further information re- 
specting capillarity — a subject to which we have briefly 
alluded in connection with the barometer. Fig. 69 
shows how clean bright mercury behaves when placed 
in a clean wine-glass, and fig. 70 shows how it behaves 
when a clean glass tube is dipped into it. The mercury 
draws itself down at the edges, as if it were endeavouring 
to avoid contact with the glass as much as possible; and 
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within the tube, especially ifr the tube be small, the de- 
pression extends even as fstf 9$ t ne centre; so that even 
the highest part of the liqiudtSjatlim the tube is lower 
than the general level outside. * .-*•. 

Water, on the other hand, if tfo-gMgs be not greasy, 
raises itself at the edges, as shown *i&*JTg. 71, and still 




more within a small tube, as shown in fig. 72, thus mani- 
festing a tendency to extend the surface of contact with 
the glass. To get the full effect, the tube should be 
plunged a little lower than it is intended to remain, and 
then drawn up again, so as to wet the surface above the 
level at which the liquid will stand. 

Any liquid which wets glass behaves like water, and 
any liquid which does not wet it behaves like mercury; 
but the effects are different in degree for different liquids, 
and are especially large in the case of water. 

109. The size of the tube makes a great difference. 
Halving the internal diameter doubles the elevation of 
the water and doubles the depression of the mercury; 
hence we can understand how liquids are able to creep 
up to a great height in porous substances. It is by 
capillarity that oil ascends in the wick of a lamp, or 
water in a sponge or a brick. If one corner of a towel 
be in the water of a basin, while the opposite corner is at 
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a considerably lower level ooteide, the towel will aet like 
a wick and remove thet ^tfcr from the basin, letting it 
fall in drops upon thQ»fiqd£. " A liquid will not drop from 
the end of a wick unless this end be at a lower level than 
the surface of thfe jfrraid in the reservoir. 

110. The ft>fee& which produce these effects are to a 
great extent thV dame as those which produce the spherical 
form of .(Jrogs and soap-bubbles. The surface of a liquid 
gener&cVnds to contract and become as small as pos- 
siblQ;-.an"<l the surface of a given quantity of water in a 
drop, "or air in a bubble, is least when it is spherical. 

;\. "The air inclosed in a soap-bubble is at greater pressure 
• "tnan the air outside, as both the inner and the outer sur- 
faces of the bubble are exerting a constant effort to con- 
tract; and for the same reason, if we partially blow a 
bubble, and then remove our mouth from the pipe, the 
bubble will draw itself into the bowl of the pipe. 

A film of soapy water can easily be obtained by dipping 
a ring into the liquid — or by using the finger and thumb 
as a ring— and, whether the ring be in one plane or 
crooked, the film will always take such a shape as to have 
the smallest possible area that can span the interval 

111. In the elevation of water within a small glass 
tube, three actions are combined : first, the tendency of 
the water to increase its surface of contact with the glass; 
secondly, its tendency to decrease its free surface (that 
is, the portion of its surface not in contact with any solid 
or liquid); and thirdly, the weight of the liquid tending 
to urge it down. The first of these actions holds up the 
edge, and the second holds tip the middle of the liquid 
column, in opposition to the action of gravity. 

Mercury tends to decrease its surface of contact with 
glass, but tends still more strongly to decrease its free 
surfaca The first of these tendencies holds down the 



CAPILLARITY AND DIFFUSION. 103 

edge, and the second holds down the middle of the column 
against the force of gravity, which tends to push up the 
column to the same level as the liquid outside. The 
ratio of the two contractile forces can be determined 
from observing the angle which the mercury makes with 
the glass all round the edge, and applying the principle of 
the parallelogram of forces; for if the oblique pull is re- 
solved into two components, one along the tube and the 
other at right angles to it, the former of these must be 
equal to the pull along the surface of the glass. 

112. We will conclude these chapters on hydrostatics 
with an account of several processes which are included 
under the general name of diffusion. 

If we gently pour a lighter liquid on the top of a hea- 
vier one which is of such a character as to mix easily 
with it, they will gradually mix of themselves, the hea- 
vier liquid diffusing itself upwards through the lighter 
and the lighter diffusing itself down through the heavier; 
but the process is so slow that it may be years before the 
mixture is sensibly complete. 

With gases, in the same circumstances, a similar action 
takes place with great rapidity; so that if a bottle of the 
light gas hydrogen be inverted over a bottle of the heavy 
gas carbonic acid, with a tube connecting them, they will 
be completely intermixed in a few days, if not in a few 
hours. 

It is a mistake to suppose that the carbonic acid of 
people's breath settles to the lower rather than the upper 
portion of a room. It tends to diffuse itself equally over 
the whole if time were given, and owing to the warmth 
and consequent lightness of the breath its first movement 
is upward. The air is better on the ground floor of a 
crowded hall than in the gallery. 

113. Gases readily make their way through porous 
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substances, such as brick, or unglazed earthenware, or 
paper; and this process also is called diffusion. In this 
case a very exact law is found to hold, the lightest gases 
diffusing fastest exactly in the inverse ratio of the 
square roots of their densities. Thus oxygen is 16 times 
as dense as hydrogen, and hydrogen diffuses through 
porous obstacles 4 times as fast as oxygen. 

Gases also escape very readily through such obstacles 
as the sides of an indian-rubber tube, though indian- 
rubber cannot be classed among porous substances. The 
action here is more complex, the gas being first dissolved 
in the indian-rubber, and then given out by it from the 
outside, just as the water in a sewer-trap absorbs gases 
from the sewer and then gives them out to the open air. 

114. All kinds of salts when dissolved in water diffuse 
easily through porous membranes, but gum and starch 
diffuse with extreme slowness. Substances of the latter 
class are called colloids (from the Greek holU, glue), 
those of the former class crystalloids. Colloids have 
hardly any taste, and do not crystallize. Crystalloids 
have a strong taste, and crystallize easily. Chemists 
often separate saline from colloid substances by placing 
the compound solution on one side of a membrane, (De 
la Kue's parchment paper is used for the purpose,) and 
pure water on the other side. The salts escape through 
the membrane, leaving the colloid substances behind. 
This mode of separation is called dialysis. 

115. The entrance of water into the pores of a sub- 
stance often causes an increase of bulk, and the removal 
of the water produces contraction again. Paper when 
wetted expands visibly in length and breadth, and goes 
into creases if its edges are fixed. Wood, when wetted, 
expands in breadth and thickness, but not in length, if 
its fibres run in the direction of the length. 
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A rope or thread, if it were merely a bundle of straight 
fibres bound together, would increase in diameter, and 
its length would not be much affected; but owing to its 
strands being wound round one another, there is a rather 
complicated action. The strands swell in diameter but 
not in length, and thus each strand having to go round 
a larger circumference, cannot coyer so great a length as 
before. The rope is consequently shortened. 

When a substance is first wetted and then dried, it 
often shrinks to less bulk than it originally occupied; 
and this is especially the case when the drying is per- 
formed rapidly. Shoes which have got wet through and 
have been dried at the fire are found to be tighter than 
before; but a little use stretches them again till they are 
as large as ever; and it is probably the case that when- 
ever shrinking is produced by first wetting and then 
drying a substance, it is because the body had previously 
been stretched beyond its natural condition, and the 
wetting and drying merely takes the stretch out of it. 

The shrinking of wood as it dries is very observable 
in buildings. The flooring boards of a new house are 
always laid so as to fit close, but after the house has 
been inhabited for a few years they leave large spaces 
between them. Logs of wood frequently crack as they 
dry, owing to the outside drying faster than the centre, 
and thus becoming too tight 



HEAT. 



Chapter X.— TEMPERATURE AND EXPANSION. 

116. When we touch a body which is warmer than 
ourselves we feel a sensation of warmth, and when we 
touch a body colder than ourselves we feel a sensation of 
cold. 

Heat often passes from one body to another. If a 
hot iron is put into cold water, the iron becomes cooled 
and the water becomes warmed. The iron in fact gives 
heat to the water. On the other hand, if a cold iron is 
put into hot water, the iron is heated and the water is 
cooled, because the iron takes heat from the water. 

If the iron is neither hotter nor colder than the water 
into which it is put, it will not be made either hotter or 
colder by the immersion. The iron is then said to have 
the same temperature as the water. When we say that 
two bodies " have the same temperature," or " are at the 
same temperature," we mean that putting them in con- 
tact would not cause one of them to become hotter and 
the other colder than at present It is not necessary 
actually to put the bodies in contact to decide this 
point. It is sufficient to put one and the same body in 
contact with them both. The instrument used for this 
purpose is called a thermometer. We put it in contact 
with one body till it has had time to come to the tem- 
perature of that body. We then put it in contact with 
the other body, and observe whether the temperature 
indicated is the same. 
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When we say that one body A is at a higher tem- 
perature than another B, we mean that if they were 
placed in contact, A would be cooled and B warmed by 
the contact; or that a thermometer, after being for some 
time in contact with A, on being transferred to B would 
fall in temperature. 

117. In ordinary speech we should call A warmer or 
hotter than B, and should call B cooler or colder than 
A. But here a caution is necessary. We talk of " cold n 
steel, and of "warm" woollen clothes; because if we 
touch steel and woollen cloth when both of them are at 
the ordinary temperature of the air, the steel feels much 
colder to the touch than the cloth. It gives us a stronger 
sensation of cold, because it takes heat from us faster 
than the cloth, though both are at the same temperature. 
On the other hand, if they are both of them at the tem- 
perature of boiling water, we can touch the cloth without 
taking harm, but the iron will be too hot to touch. The 
strength of the sensation of heat or cold that we get by 
touching a body depends then on some inherent pro- 
perty in the body, as well as on that variable property 
which we call its temperature. Some bodies have the 
power of taking in and giving out heat more readily than 
others, and are thus more apt both to chill and to burn us. 

118. All bodies when allowed to touch, or when shut 
up in an inclosure that will not allow any heat to pass 
in or out, come at last to the same temperature. 

Just as water runs down from a higher to a lower 
level in connected vessels, until the level is the same 
in them all, so heat runs down from a higher to a lower 
temperature in connected bodies until the temperature is 
the same in them all. 

119. Expansion by Heat. — Heat in nearly all cases 
tends to produce expansion. 
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If we have a brass bail that will only just go through 
a brass ring when cold (fig 73), we find, on heating the ball 
by immersion in hot water, or by holding it in the flame 
of the spirit lamp shown in the figure, that it is too big to 
go through. On the other hand, if we keep the ball cold 
and heat the ring, we find the ball goes through more 




easily than at first When a glass stopper sticks tight in a _ 
bottle, the best way to get it out is to warm the neck of 
the bottle by the friction of a piece of stout string passed 
round it and drawn backwards and forwards. The neck is 
thus made warmer than the stopper, which is consequently 
_ loosened. In laying the rails of a railway — especially in 
cold weather— it is necessary to leave spaces between the 
ends, so as to give the rails room to lengthen when the 
weather becomes warm. 

Liquids expand as a rule much more than solids, and 
air and other gases expand much more than liquids. 
Mercury expands about 7 times as much as glass, alcohol 
6 times as much as mercury, and air 3J times as much 
as alcohol 

It is the expansion of air by heat that causes the 
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draught up a chimney, the hot air being more expanded 
and therefore lighter than the cold air, so that it tends to 
ascend. 

Of solid bodies, the metals are the most expansible. 
Iron, for example, expands about half as much again as 
glass, and brass more than twice as much. It was once 
customary to build long flat bars of iron into walls, for 
the purpose of strengthening the brick- ~ 
work; but it is now known that the expan- ]l j 
sion and contraction of these bars with 
heat and cold tear them away from the 
mortar in which they are embedded, so 
that they are a source of weakness instead 
of strength. 

120. The instrument most frequently 
used for measuring temperature is the 
mercurial thermometer (fig. 74). It con- 
sists of a tube or stem of very small and 
uniform bore, with an enlargement called 
the bulb at one end. The mercury fills j 

the bulb and occupies a portion of the 
tube as well. The tube is divided into 
equal parts called degrees, and the tempera- 
ture is expressed by stating the degree at 
which the mercury stands. In the ther- 
mometers chiefly used in this country, the 
point at which the mercury stands when 
the thermometer is immersed in a mixture 
of ice and water is marked 32°, and the 
point at which it stands when immersed in the steam of 
boiling water is marked 212°. The small circle over the 
figures is the symbol for " degrees." There is, therefore, 
an interval of 180° between the two fixed points, as they 
are called, one being usually called freezing-point and the 
10 




Pig. 74. 
Thermometers. 
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other boiling-point; and if the tube is exactly uniform, 
these 180 degrees ought to be marked at exactly equal 
distances. When alcohol or any other liquid is employed 
instead of mercury, the degrees are marked in such a way 
as to make the instrument agree with a mercurial ther- 
mometer; and the actual lengths which the degrees occupy 
on the stem are not exactly equal, but are rather longer 
at the upper than at the lower end. 

121. When we call the freezing-point 32° and the 
boiling-point 212° we are said to employ the Fahrenheit 
scale. 

Another scale, which on account of its simplicity has 
been adopted as the standard one for scientific purposes, 
is called the Centigrade scale. It calls the freezing-point 
0° and the boiling-point 100°. Hence the same length 
on the stem, or the same interval of temperature, which 
is divided into 180 Fahrenheit degrees, is only divided 
into 100 Centigrade degrees. These numbers are in the 
ratio of 9 to 5, so that an interval of 9° Fahrenheit is the 
same as an interval of 5° Centigrade, and a Fahrenheit 
degree is only £ of a Centigrade degree. The names 
Fahrenheit and Centigrade are abbreviated into Fahr. 
and Cent., or simply F. and C. 

122, In reducing a temperature from one of these 
scales to the other, we have to perform two operations; 
one consists in multiplying by f or £, and the other in 
adding or subtracting 32. Thus, if we want to find 
what temperature Centigrade is the same as 50° Fahr., 
we must first subtract 32, to find how far the temperature 
is from freezing-point It is 18° above freezing-point, 
and since 9° Fahr. are equal to 5° Cent, we must mul- 
tiply by £; this gives 10°. The temperature is accor- 
dingly 10° Cent. 

Again, let us calculate what temperature Cent, is the 
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same as zero Fahr. It is 32 below freezing-point, and 
this 32 must be multiplied by £, giving 17£; hence the 
temperature is minus 17°£ Cent, or to one place of 
decimals —17° -8 C. 

Now let us take an example of the opposite kind. 
What temperature Fahr. is the same as 50° G. ? This is 
50° above freezing, and multiplying by £ we see that it is 
90° Fahr. above freezing, that is, above 32° Fahr. It is, 
therefore, the temperature 122° Fahr. 

123. In working numerical examples relating to con- 
version from one scale to the other, the student should 
first consider whether the question turns merely on the 
lengths of the degrees, and therefore merely requires 
multiplication by J- or £, or whether it also depends on 
the difference in the two starting-points. 

Take, for instance, the following question. Air at the 
freezing-point expands by -00366 of its volume for 1° 
Cent; how much does it expand for 1° Fahr.? Here we 
have merely to multiply by |; for the question amounts 
to this, — how much does the air expand for f of a degree 
Cent ? and the answer will be, | of "00366, or -00203 
nearly. 

Or take this question : 

The temperature of London is higher in July than in 
January by 25° Fahr.; what is this in degrees Cent? 
Here we have simply to multiply by f , and the answer is 
14° Cent nearly. 

124. If we watch a thermometer narrowly when we 
first put it into warm water, we shall see that the mer- 
cury first descends for a moment to the extent of half a 
degree or so, before it begins to ascend. This illustrates 
the difference between real and apparent expansion. The 
mercury does not really contract, but the glass gets heated 
before the mercury; and as the bulb gets bigger, mercury 
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has to come out of the stem to fill it If glass were just 
as expansible as mercury, a mercurial thermometer would 
not work at all, but the mercury would stand always at 
the same mark. The observed effect depends on the fact 
that mercury expands about 7 times as much as glass. 

125. The best way of measuring the real expansion of 
a liquid is by the principle that, if two columns of liquid, 

one warm and the other cold, 
are connected at their bases 
by a fine horizontal tube C D 
(fig. 75), they will not stand at 
the same level, but the warmer 
and lighter liquid will stand 
highest, the heights A'C and 
h D being in the inverse ratio 
of the densities. Thus if the 
heights are as 55 to 56, the 
densities are as 56 to 55, and 
the expansion is such that the 
same quantity of liquid which 
occupies 55 cubic inches at the lower temperature will 
occupy 56 at the higher. This is about the amount by 
which mercury expands in passing from 0° to 100° C. 

126. Air expands much more than liquids. When it 
is at the freezing-point, an increase of 1° C. makes it 
expand by 1 part in 273, and an increase of 1° Fahr. 
makes it expand by 1 part in 491. In raising it from 
freezing- to boiling-point we make it expand by 100 
parts in 273, so that 273 cubic inches would become 373. 
Oxygen, hydrogen, nitrogen, and most other gases ex- 
pand to the same extent as air. 

If the air or gas is confined in a closed vessel which 
will not permit it to expand, the tendency to expansion 
is shown by an increase of pressure. For example, if we 
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raise its temperature from freezing- to boiling-point, we 
increase its pressure by 100 parts in 273, so that if it 
was originally at atmospheric pressure its pressure will 
now be 1££$ of an atmosphere. 

127. When a body expands, it becomes lighter, bulk 
for bulk, than it was before, and hence warm air tends 
to ascend through cold air, as we see in the case of fire- 
balloons. A balloon about 3 feet high, of ordinary tissue- 
paper, with a ring of light iron wire to hold the mouth 
open, can be made to ascend to a height of 20 feet or 
more by simply holding it over a gas flame. 

128. The tendency of warm air to ascend through cold 
is the primary cause of winds. The air over warm places 
is continually ascending, and air from colder places comes 
to supply its room. An ascent of this kind oyer the equa- 
torial regions is the cause of the trade-winds, which blow 
steadily from the north-east over a belt of several degrees 
in the northern hemisphere, and from the south-east over 
a corresponding belt in the southern hemisphera The 
reason why they do not blow from due north and due 
south is, that the earth is revolving on its axis, and parts 
more distant from the axis move faster than those which 
are nearer. Thus the equatorial portions move the 
fastest, and air which comes to them from the two sides 
has not enough rotational velocity to keep up with them. 
The earth turns from west to east faster than this 
air can follow it, and this makes a wind from east to 
west. 

129. Another very regular wind is the sea-breeze 
which blows, nearly every afternoon, at places on and 
near the coast in tropical countries. It is caused by the 
land becoming warmer than the sea in consequence of 
the sun's rays during the day; and a land-breeze in a 
nearly opposite direction blows in the latter part of the 



114 HEAT. 

night and early morning, caused by the land becoming 
colder than the 'sea at night. 

The Monsoons in the East Indies are winds which 
blow for certain months in one direction, and in certain 
other months in another direction. They are caused by 
the great heat of the interior of the continent of Asia in 
the summer, and its intense cold in the winter. 



Chapter XL 
QUANTITY OF HEAT, CONDUCTION, RADIATION. 

130. Measurement of Quantity of Heat. — We cannot 
isolate heat and measure it by itself. We can only 
measure it by its effects. The most convenient effect to 
employ for this purpose is the raising of the temperature 
of water. It obviously takes ten times as much heat to 
raise 10 lbs. of water one degree as to raise 1 lb. one 
degree, at all events when we begin with the water at 
the same temperature in both cases. 

To raise a pound of water through 10° requires about 
10 times as much heat as to raise it through 1°, but we 
are not entitled to assume that it is exactly 10 times as 
much. In fact if we raise a given quantity of water 
first from 0° to 1°, then from 1° to 2°, and so on, raising 
it one degree at a time till we bring it to 100°, the quan- 
tities of heat required for the successive steps are not 
exactly equal, but the later steps require more heat than 
the earlier ones. The difference however is exceedingly 
small, and for the purposes of this treatise the quantities 
may be considered equal. In calculations about quantities 
of heat, it is usual to take for the unit quantity of heat 
that which will raise unit mass of water one degree. The 
unit mass may be the pound, the gramme, the kilo- 
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gramme, &c, and the degree may be Centigrade or 
Fahrenheit Thus one of these units of heat may be 
called the pound-degree Fahrenheit, another the gramme 
degree Centigrade, &c. 

131. Thermal Capacity. — If we mix a pound of water 
at 10°, with a pound of water at 20°, we get 2 lbs. of 
water with a temperature of 15°, just half-way between 
the temperatures of the two parts before mixing. But 
if we put a pound of iron at 20° into a pound of water 
at 10°, the temperature obtained will not be 15°, but only 
about 11°, being about the same that we should have 
obtained by mixing a tenth of a pound of water at 20° 
with a pound of water at 10°. One pound of iron is 
only equivalent to one-tenth of a pound of water. This 
is what is meant when we say that the specific heat of 
iron is T V To raise a pound of iron one degree requires 
T \jth as much heat as to raise a pound of water one 
degree. 

The specific heat of mercury is still smaller, being only 
■fa. These numbers will remain the same whatever 
unit of heat we employ. The specific heats of the 
metals and of many other substances have been carefully 
determined, and will be found tabulated in all the larger 
books on Heat. 

If we want to know what mass of water will be equiv- 
alent to a given mass of a substance whose specific heat 
is known, we have only to multiply the mass by the 
specific heat. For instance, the specific heat of alcohol 
being '548, 10 pounds of alcohol will be equivalent to 
6*48 pounds of water. 

The specific heat of air is about £, if the air, while 
being raised in temperature, is allowed to expand so as 
to retain its original pressure, as in fact it does when we 
warm the air of a room. 
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Of all known substances water has the greatest specific 
heat Hence the specific heats of all other substances 
are proper fractions, that of water itself being unity. 

132. Latent Heat. — Take a pound of ice in small 
pieces at the temperature 0° G, and put it into a pound 
of hot water with a temperature of 60° or 70° C. The 
water will fall to the temperature 0° G, and in so doing 
will melt most of the ice. We shall thus obtain water 
and a little ice, all at the temperature 0° G The hot 
water has been chilled, and the cold ice has not been 
warmed. What has become of the heat which the hot 
water has lostl It has been spent in melting the ica 
In order to melt ice at 0° G and turn it into water at 
0° G, we must give it as much heat as would raise 80 
times its weight of cold water 1°, or would raise its own 
weight of water 80°. 

This is expressed by saying that the latent heat of water 
is 80 G The word " latent " means " hidden." When 
we melt the ice, the heat which we give it disappears, and 
is in a manner hidden in the water which is produced. 

A phenomenon of the same kind occurs whenever any 
solid substance is melted. For example, to melt lead 
and turn it into liquid lead at the same temperature, we 
must give it as much heat as would raise 5£ times its 
weight of water through one degree Centigrade. We 
therefore say that the latent heat of molten lead is 5 J G 
This, it will be observed, is much less than the latent 
heat of water. In fact water, has. ..greater Jatent Jbfiat-. 
than any other liquid. 

The same quantity of heat which disappears in melting 
reappears in solidifying, so that to turn water at 0° into 
ice at 0° we must make it give out to some colder body 
as much heat as would raise 80 times its weight of water 
one degree. 
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133. Latent Heat of Vapours. — A similar phenomenon 
occurs when liquid is converted into vapour. When a 
kettle is put on the fire, the water does not boil till its 
temperature has risen to 100° G. After this the water 
gets no hotter, and the heat which it continues to receive 
from the fire is expended in the formation of steam, 
which comes away at the same temperature 100° C. 
The heat expended in converting any quantity of water 
at the boiling temperature into steam, is as much as 
would raise 536 times as much cold water 1°. 

When the steam is reconverted into water the heat 
thus absorbed reappears. If the steam given off by a 
boiling kettle is discharged into cold water, it heats this 
water much more than the same weight of boiling water 
would do. One pound of steam at 100° will raise 636 
lbs. of cold water from 0° to 1°, whereas a pound of 
boiling water would only raise 100 lbs. of water from 0° 
to 1°. We therefore say that the latent heat of steam 
at 100° C. is 536. 

134. It is not only during boiling that the disap- 
pearance of heat is observed in connection with the for- 
mation of vapour. Evaporation goes on at ordinary 
temperatures, though at a much slower rate, and evapora- 
tion always carries off heat. If we wet our hands and 
then allow the water to evaporate from them, our hands 
are cooled, and the same thing is observed if we wear 
wet gloves or wet shoes. It matters not whether they 
have been wetted with warm or with cold water, in 
either case the operation of drying by exposure to the 
air keeps their temperature low, and carries off heat from 
the skin. 

135. Other liquids as well as water show this effect 
Alcohol and ether, the latter especially, evaporate much 
more rapidly than water and have a stronger cooling 
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effect Ether thrown in very fine spray upon any part 
of the body, by an instrument constructed for the pur- 
pose, is sometimes used by surgeons to freeze the surface, 
and thus render it insensible to the pain of a surgical 
operation. If we blow through a straw or a small tube, 
dipped in a thimble-full of ether, so that our breath 
bubbles through it, its temperature will fall far below 
the freezing-point, and a coating of hoar-frost will be 
formed on the outside of the thimble. 

136. But although the evaporation of ether will give 
a lower temperature than the evaporation of water, this 
is not because its latent heat is greater, but simply 
because it evaporates more rapidly. For the same 
weight of material evaporated, water vapour carries off 
about six times as much heat as ether vapour. Water 
requires more heat to convert a given weight of it into 
vapour than any other substance that we know. 

In every respect the thermal properties of water are 
such as to make it a powerful agent in preventing sudden 
changes of temperature. Its great thermal capacity and 
its great latent heat cause it to act the part of a great 
reservoir, in which heat is stored when the supply is 
very abundant, and from which it is given out again 
when the supply is deficient Its great latent heat of 
liquefaction also serves to retard the melting of snow, 
and thus to mitigate the destructive effects of sudden 
thaws. 

137. Conduction of Heat. — If we put one end of a 
needle in the flame of a candle, the other end soon 
becomes too hot to hold. The same thing occurs with 
a piece of iron wire of about the length of a needle, and 
with even a greater length of copper wire; but it does 
not occur with a piece of stick — for example, with a 
lucifer match. This is because copper and iron are good 
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conductors of heat, and wood is & very bad conductor. 
The metals, especially gold, silver, and copper, are the 
best conductors known; then come atones, afterwards 
wood, and at the foot of the list come such substances as 
cloth, sheep's wool, and cotton wool, which consist of 
thin fibres with spaces of air between. A good con- 
ductor may be defined as a substance which offers little 
resistance to the passage of heat through it Warm 
clothing depends for its efficacy on the great resistance 
which it offers to the escape of heat; it must therefore 
be composed of badly conducting material. 

138. We have mentioned above an experiment in 
which good conduction is shown by making the further 
part of a body hot when the 
near end is held in the flame 
of a candle. This may be 
supplemented by an experi- 
ment in which good conduc- 
tion shows itself by keeping 
the parts exposed to the 
flame cool. Let a piece of 
thin writing paper be tightly 
wrapped once round a 
smooth cylinder of copper, 
brass, or iron, an inch or 
more in diameter, and held 
in the flame of a spirit-lamp. 
The paper will not be burnt, 
nor even scorched. It is easy 
to understand that the same 
quantity of heat which would 
produce a very high temperature if collected in a small 
space will produce only a moderate elevation of tempera- 
ture when it is spread by conduction through a large 
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space. The safetyJamp used by miners and invented by 
Sir Humphry Davy depends upon the same principle 
(fig. 76). The only communication between the flame and 
the outer air is through wire-gauze, and a flame may 
play against one side of such gauze for a long time without 
making it hot enough to ignite combustible gas on the 
other side. This is very easily shown by placing a piece 
of wire-gauze over a gas-flame. As the gas is lowered it 
puts out the flame as far as it descends, and unburnt gas 
goes through it, so that we have a flame burning against 
the under side and not able to ignite the gas which is on 
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Fig. 77 —Action of Wire-gauze on Flame. 

the upper side. The presence of this latter can be made 
manifest by applying a lighted match to it, when it will 
at once catch fire and continue to burn. Fig. 77 repre- 
sents in its left-hand portion the appearance of the gauze 
when the unburnt gas is escaping through it above the 
flame, a red-hot ring being produced because the outer 
portion of the flame is the hottest. The second part of 
the figure represents the effect of turning on the gas 
beneath the wire-gauze and applying a light to it above. 
The flame will continue to burn above the gauze, but 
will not be able to ignite the portion of gas which is 
below. 
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139. Liquids (except melted metals, such as mercury) 
are very bad conductors, not better than wood. Fig. 78 
represents the experiment of making water boil in the 
upper part of a test-tube, while ice remains un incited at 
the lower end. Air f — -i 
and gases are also £ ^L 
bad conductors. 

Hence if we want 
to heat a quantity 
of gas or liquid we 
should apply heat 
to the bottom. 
This will produce 
expansion of the 
lower portions, 
which will thus be- 
come lighter and 
ascend, . mixing 
with the colder 
portions above 
them. The cur- 
rents produced by 
applying heat to 

the bottom of a », n "Z Me a «*„ S,' <„. 

vessel of water are 

easily rendered visible by using a glass vessel and putting 
oak saw-dust into the vta.lei (lig. 79). The saw-dust may 
be allowed to settle to the bottom of the flask before 
applying the heat, and it will leave the bottom when 
heat ie applied. If the lamp is placed centrally under 
the vessel, the saw-dust will be seen to ascend in the 
middle and descend at the sides. Such movements are 
called convectumrcunenls. 

140. Radiation is another process by which heat is 

11 
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transferred from hotter to colder bodies. The heat of 
sunshine is a good example of it. Radiant heat, like light, 
travels in straight lines, which we call "rays? aid 
" radiant " is derived from the Latin word radius, which 
means "ray." If a screen 
held between us and the sun 
is suddenly withdrawn, we in- 
stantly feel the full heating 
effect of the sun's rays, where- 
as conduction requires a long 
time for heat suddenly applied 
to one portion of a medium to 
be propagated to another. 
Again, conduction warms the 
distant parts by first warming 
the near parts, which then act 
as warmers in their turn; but 
radiation often warms distant 
objects while the intervening 
medium remains cold. The 
sun's rays, for example, come 
through the intensely cold 
upper regions of the earth's atmosphere. A burning glass, 
used for concentrating the sun's rays on a piece of brown 
paper and setting it on fire, remains all the time at a very 
moderate temperature, and it is even possible to use a 
lens of ice for this purpose. We shall have more to 
say on the subject of radiation when we come to speak 
of light 

141. There are great differences in the radiating powers 
of different surfaces. Brightly polished metals are bad 
radiators. When hot they emit heat but slowly, and 
when cold and exposed to the radiation of bodies hotter 
than themselves they receive heat but slowly. Charcoal, 
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and lampblack, which is much the same thing, are ex- 
ceedingly good radiators. They give out heat quickly 
when hot, and they absorb a large proportion of any heat 
that is radiated to them when they are cold. If, instead 
of polishing the surface of a metal, we give it a thin coat- 
ing of lampblack, we make it a good radiator instead of a 
bad one. Good and bad radiation depend only on the 
surface, not on the substance beneath. Surfaces that 
reflect rays of light and heat well radiate badly; surfaces 
that are dead black, and reflect very little of any light 
and heat rays that fall upon them, radiate well Black 
paint and black cloth, when exposed to a hot sun, become 
much hotter than white paint or white cloth. 

142. In consequence of radiation, the surface of the 
ground in bright sunshine becomes much warmer than 
the air, and a thermometer exposed to the sun, especially 
if it has a blackened bulb, reads much higher than a ther- 
mometer in the shade, the latter showing only the tempera- 
ture of the air. 

On the other hand, on a clear starlight night, the sur- 
face of the ground emits heat rapidly by radiation to the 
sky, and becomes much colder than the air. On cloudy 
nights, as on cloudy days, there is not much difference 
between the temperature of the ground and that of 
the air. 

143. Eadiation, strictly so called, takes place as fast in 
vacuum as in air, and as fast in still air as in wind. But 
a hot body cools faster in air than in vacuum, and still 
faster in wind, owing to the conduction which takes place 
between the body and the layer of air in contact with it 
When there is wind this layer is always cold, because it 
is changed so rapidly that it has not time to get warm. 
In vacuum there is no escape of heat by conduction at 
all, and thus the cooling is slower. 
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Chapter XII.— VAPOURS. HYGROMETRY. 

144. We will now explain the cause of dew. 

It is a common thing to see drops of water running 
down the inside of a window, especially if the air of the 
room has received a large amount of vapour from people's 
breath and from the burning of gas (for the hydrogen 
which is in ordinary gas turns into steam when it burns). 
These drops of water are produced in the same way as 
natural dew. On any summer's day, if we put very cold 
water into a tumbler, we shall soon see dew deposited on 
its outside. There is always invisible steam in the air, 
and some of this will be turned into liquid water by any- 
thing that is cold enough. At any particular time there 
is a certain degree of cold — that is, a certain lowness of 
temperature — that is necessary. Bodies lower than a 
certain temperature will collect dew upon their surfaces; 
bodies above this temperature will not; but, on the con- 
trary, if there is any moisture on them it will evaporate. 
This temperature is called the dew-point. When there is 
much steam in the air the dew-point is high; when there 
is little it is low. In the daytime the surface of the 
ground, as well as grass and the leaves of plants, are almost 
always above the dew-point. On clear nights they gener- 
ally fall below it; and grass falls much further below it 
than bare ground, because the surface of bare ground 
receives a supply of heat by conduction from the ground 
below, while very little heat can be conducted upwards 
through the blades of grass. 

When the dew-point is below the freezing-point, the 
deposit consists not of little drops of water, but of little 
crystals of ice, and is called hoar-frost. 

Ice evaporates when its temperature is above the dew- 
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point* which is generally the case in the daytime; but 
when its temperature is below the dew-point, as is often 
the case at night, instead of evaporating, it gains an addi- 
tion of fresh ice on its surface from the air, the addition 
taking the form of crystals like the frost on window- 
panes. 

When vapour in mid-air is cooled below its dew-point, 
little drops of water are deposited in the form of cloud; 
or, if the temperature be below the freezing-point, the 
cloud will consist of little particles of snow. Steam or 
vapour of water is clear and invisible like air. It is only 
when it begins to condense that it reveals its presence to 
the eye, by the formation of liquid or solid particles in its 
midst 

145. The moistness and dryness of the air have an im- 
portant effect upon our health and comfort When the 
dew-point is nearly as high as the temperature of the air, 
evaporation is checked, the perspiration accumulates on 
the surface of our bodies, and breathing does not refresh 
us as it ought to do. On the other hand, when the dew- 
point is very low compared with the temperature of the 
air, evaporation is promoted; the skin on our hands and 
faces gets dry and cracks, and persons with delicate 
lungs are liable to be attacked with cough. 

146. The most generally employed instrument for ob- 
serving the moistness or dryness of the air, is a pair of 
■thermometers, of which one has no special feature, but 
merely shows the temperature of the air, while the other 
has its bulb covered with muslin, which is kept always 
wet by means of a cotton wick dipping in water. When 
evaporation is active, this one is several degrees colder 
than the other; when there is hardly any evaporation, it 
may be only a degree or a fraction of a degree below the 
other. Its temperature is not the dew-point, (for water 
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at the dew-point does not evaporate,) but is somewhere 
about half-way between the dew-point and the tempera- 
ture of the air. 

147. To give an exact idea of the effects of heat and 
cold upon vapour, we will describe what happens when 
an air-tight vessel containing nothing but water and 
vapour of water is heated and cooled. Such vessels are 
often prepared by boiling water in a glass vessel with a 
narrow neck, and, when the steam has had time to expel 
the air, sealing the neck with a blow-pipe. 

In a vessel of this kind, the space not occupied by the 
water is always saturated with vapour. If we cool the 
vessel, some of the vapour condenses into water; if we 
warm it, some of the water goes off into vapour. Kaising 
the temperature thus increases the quantity of vapour, 
and, since the space occupied by the vapour is scarcely 
altered, it increases the density of the vapour; it also 
increases the pressure of the vapour in an even more 
rapid ratio than the density. When the temperature is 
100° C. the pressure of the vapour is one atmosphere, 
so that there is the same pressure inside and outside the 
vessel. When it is below 100° the pressure outside is 
the greater, and when it is above 100° the pressure inside 
is the greater. 

At the average temperature of the air (50° F. or 10° C.) 
the pressure of the vapour is less than four-tenths of an 
inch of mercury; at the temperature of a hot bath (86° 
F. or 30° C.) it is about an inch and a quarter; at 100° 
C. it is 30 inches or one atmosphere, at 121° C. it is two 
atmospheres, and at 213° C. it is twenty atmospheres. 
These facts are very important in connection with the 
steam-engine. They show how largely the pressure of 
the steam alters with its temperature. 

148. If there is only a little water in the vessel at the 
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beginning, and we go on warming after it is all evapor- 
ated, we obtain what is called superheated vapour or non- 
saturated vapour. Such vapour follows the same laws as 
air or any other gas; for example, if we were to allow it 
to expand to double its volume while keeping it at the 
same temperature, its pressure would be halved, and if 
we were to raise its temperature from 100° C. to 121° 
without expansion, we should increase its pressure by 21 
parts in 273 + 21 or 294, which is only 1 part in 14, 
instead of doubling it, which would be the result if it 
were saturated. 

149. The suddenness with which vapour can be formed 
and condensed when there is no air present^ gives rise to 
some very startling effects. 

An instrument called the water-hammer is constructed 
by taking a large glass tube closed at one end, partly 
filling it with water, boiling this water, and hermetically 
sealing the open end (that is melting the glass together) 
while the steam is issuing, taking care at the same time 
to cease any further application of heat to the water, as 
the tube when closed would be in danger of bursting. 
When it has cooled down, it is ready to experiment 
with, and it contains nothing but water and vapour of 
water, the air having all been expelled by the boiling. 

If we hold it upright, and then quickly invert it, so 
that the water falls from one end to the other, a sharp 
ring is produced, sounding like a blow of a hammer, by 
the water striking the lower end. This illustrates the 
suddenness of condensation. 

150. The suddenness of evaporation is well illustrated 
by an experiment of Benjamin Franklin's. Take a 
Florence flask half filled with water, boil it over a lamp, 
and while boiling cork it, at the same time removing the 
lamp. The boiling will cease, but on completely im- 
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mersing the vessel in cold water, will immediately re- 
commence with great activity. ■ The explanation is that 
the cold condenses some of the vapour against the sides 
of the vessel, and more vapour is immediately formed to 
supply its place. 
Instead of plunging the vessel into cold water, we may 
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invert it, and squeeze cold water from a sponge over its 
top, as shown in fig. 80. 

We have in this experiment (performed in either way), 
an example of distillation. In ordinary distillation, which 
is illustrated by fig. 81, the evaporation takes place in 
one vessel, which is placed over a source of heat, and 
condensation of the vapour formed takes place in another 
vessel, which usually consists of a long spiral tube im- 



mersed in cold water. In franklin's experiment evapor- 
ation and condensation both take place in tho same 



151. Distillation is resorted to when it is desired to 
separate the more volatile portion of a liquid from the 




leas volatile — for example, alcohol from water, or water 
from brine. The more volatile portion— that is the 
portion which is more easily evaporated— goes over first, 
and can be condensed and collected by itself g is the 
vessel into which it is ran off from time to time, when 
enough of it is collected in the lower part of the worm d. 
The cold water around the worm is continually renewed 
through the funnel A, which discharges on the bottom of 
the vessel, while the warmer water at the top overflows 
through the pipe i 

152, Now suppose that instead of sealing our vessel 
when the water is boiling in it, we seal it when the 
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water is cold, so that the upper part will contain air 
similar to that outside and at the same pressure; what 
difference will this make in the effects above described) 

In the first place, it will greatly impede the suddenness 
of evaporation; because the vapour that is formed on 
applying heat has to diffuse itself through the air before 
it can saturate the whole space, and diffusion of one 
substance through another is always a gradual operation. 
But it will not affect the quantity of vapour that will be 
formed if time be given. The same quantity of vapour 
that is required to saturate an empty space is required 
to saturate the same space when full of air. 

The pressure inside the vessel was equal to an atmos- 
phere at the time of sealing, the vessel and its contents 
being then cold. At any higher temperature the pres- 
sure will be greater than an atmosphere, and at 100° C. 
it will be about two atmospheres. If we have three 
vessels, one containing nothing but air, the second 
nothing but water and vapour of water, and the third 
water with air above it, and if the two which contain 
air were sealed under similar circumstances, then when 
we raise all three to the same temperature, and allow 
time for saturation, the pressure in the one which con- 
tains both air and water will be equal to the pressures in 
the other two added together. 

153. Whenever vapour and dry air are mixed together 
in a given space, the pressure is the same as we should 
obtain by adding together the pressure which the vapour 
would exert if it had all the space to itself, and the 
pressure which the air would exert if it had all the space 
to itself. 

We can now understand why steam expels the air 
from the upper part of a vessel in which water is boiling. 
Steam at the temperature of boiling exerts a pressure of 






one atmosphere, and therefore a mixture of steam with 
even a little air, at this temperature, has a pressure of 
more than one atmosphere, so that such a mixture cannot 
remain in an open vessel. 

164. The boiling-point of a liquid is the temperature 
at which the pressure of the 
saturated vapour of the liquid 
is equal to the pressure of the 
surrounding atmosphere. When 
atmospheric pressure changes, 
the boiling-point changes, so that 
water boils most easily when the 
barometer is low. 

As we ascend a mountain the 
pressure diminishes, and the 
boiling-point therefore falls. 
500 feet will give a fall of about 
1° P., and 900 feet a fall of 
about 1° C. 

Fig. 82 represents a portable 
instrument for observing boiling- 
points, intended to be used by 
travellers for measuring the 
heights of mountains. It has 
now been lsjgely superseded by 
the aneroid barometer. A spoon- I 
ful of water is poured in when 
the experiment is to be made; 
this is boiled by a lamp under- 
neath, and the steam, after passing all round the bulb and 
greater part of the stem of the thermometer, escapes into 
the open air. The bulb does not dip in the water, as it is 
found that the temperature of boiling water is not so 
steady as the temperature of the steam which comes from it. 
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155. When water is to be raised to a higher tempera- 
ture than its ordinary boiling-point, it must be placed in 
a strong vessel able to resist the pressure which the steam 
of the hot water will produce. 

Pig, 83 represents an instrument for this purpose, 
called a digostor. which is used, among other purposes, 
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for boiling bones to extract the gelatine from them. It is 
provided with a safety-valve to prevent bursting, and the 
pressure at which the valve will open is regulated by the 
position of the weight shown in the figure. The arm on 
which the weight hangs is a lever, by means of which the 
weight presses the valve down. 

The instrument was invented by a Frenchman, Denis 
Fapin, to enable people living high up on mountains to 
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cook their food, and it was the earliest instance of the use 
of a safety-valve, the steam-engine not having then been 
invented. 

On the other hand, in the refining of sugar, it is neces- 
sary to evaporate the Byrup by boiling, but yet it must 
not be allowed to attain so high a temperature as its 
ordinary boiling-point. An air-pump is therefore kept 
constantly at work to maintain a partial vacuum over the 
surface of the boiling liquid. 

156. All gases are the superheated vapours of liquids, 
and all or nearly all have actually been liquefied. 

To liquefy a gas, it must be cooled below a certain 
temperature, called the critical point of this particular 
gas, and must be subjected to strong pressure. The 
colder we keep it the less will be the pressure required. 

One of the easiest gases to liquefy is carbonic acid. Its 
critical point is 31° C, and it is often liquefied in large 
quantities by employing a compression-pump to force it 
into a strong reservoir which is surrounded with ice and 
water. 

Oxygen, hydrogen, and nitrogen were never liquefied 
till the years 1877 and 1878. They require either an 
extremely low temperature or an extremely high pressure, 
or both combined. In one instance a temperature of 
-r 140° C. was employed, in another instance a tempera- 
ture of - 29° C, with a pressure of from 200 to 300 
atmospheres. When the tap of a vessel containing lique- 
fied gas is opened, the gas rushes out with great violence, 
and the expansion which it undergoes cools it so much 
that some of it solidifies and forms a kind of snow. 
This snow does not melt by exposure to the air, but it 
rapidly evaporates. A spoonful of carbonic acid snow 
will take perhaps about a minute to evaporate. 

157. When a plate of metal is heated many degrees 

12 
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abave the boiling-point of water, a drop of water placed 
upon it does not wet it, but runs about upon it like a 
drop of mercury, and glistens like a dew-drop on a leaf. 
It evaporates, but not near so fast as if it were boiling, 
and its temperature is found to be a few degrees below 
the boiling-point A liquid behaving in this way is said 
to be in " the spheroidal state/' 



Chapter XIII. 
CONNECTION BETWEEN HEAT AND WOKK. 

158. We have now to speak of the connection between 
heat and work. 

Heat, by driving our steam-engines, furnishes one of 
our principal supplies of work; and, on the other hand, 
friction is a well-known source of heat Schoolboys are 
familiar with the fact that a brass button rubbed upon a 
desk soon becomes so hot as to be painful when pressed 
on the back of the hand. The breaks which are applied 
to the wheels of a locomotive throw out showers of sparks; 
and the axles of railway-carriages, when not properly 
greased, sometimes become so hot as to set the carriages 
on fira The sparks which are obtained by striking to- 
gether flint and steel are due to the same cause, and 
copious showers of sparks are produced by the operation 
of grinding steel tools in cutlery workshops. 

159. Heat is not a substance^ but is one of the many 
forms of energy. There is reason to believe that it con- 
sists in some kind of to-and-f ro movement of the particles 
of bodies; but whatever it is, we know that a certain 
quantity of heat is equivalent to a certain quantity of 
work. When work is spent in producing heat by fric- 
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tion, every 772 foot-pounds of work produce just as 
much heat as would raise the temperature of a pound of 
cold water by 1° Fahrenheit. Multiplying 772 by f we 
get 1390°; hence the heat which would raise a pound of 
cold water through 1° Centigrade is equivalent to 1390 
foot-pounds. This relation between heat and work was 
first accurately determined by Mr. Joule of Manchester, 
and the number (772 or 1390) which is used in expres- 
sing the relation is generally called Joule's equivalent 

160. The process of converting mechanical energy into 
the energy of heat is in one respect easier than the con- 
version of heat into mechanical energy. By employing 
mechanical energy to rub bodies together, we can convert 
the whole or nearly the whole of it into heat; but we 
cannot make an equally complete conversion of heat into 
mechanical energy. When we supply a steam-engine or 
a gas-engine with heat, some of this heat disappears and 
is converted into mechanical effect; but this is never so 
much as a half or even a quarter of the whole heat sup- 
plied. The rest of the heat runs through the engine and 
goes to waste. This waste heat comes away at a lower 
temperature than that at which heat was supplied to the 
engine; and there is no way of getting heat to drive an 
engine, without letting the larger part of the heat sup- 
plied come out of the- engine again at a lower tempera- 
ture. The excess of the quantity of heat supplied above 
the quantity of heat that comes away, is always equivalent 
to the amount of work done by the engine. If this excess 
is yjj of the whole heat supplied, the engine is said to have 
an efficiency of ^, and so on. There are very few steam- 
engines that have a higher efficiency than £. In order 
that a steam-engine may have high efficiency, its boiler 
must be at a high temperature, and this implies that the 
steam in the boiler must be at a high pressure. The 



waste steam, on the other hand, should come away at as 
low a temperature as possible. 

161. Our limits will not admit of our giving a full 
description of the action of the various parts of a steam- . 
engine ; hut we will caref ully explain one very essential 
point, namely, the manner in which the steam is made to 
push the piston to and fro and thus drive the engine. 

Fig. 84 shows the piston P, which works np and down 
in the cylinder, and is now nearly in the middle of its up- 
stroke, being pushed 
up by steam, which en- 
ters through the lower 
passage a' a' leading 
from the steam-chest 
BB, which is in free 
communication with 
the steam-pipe V lead- 
ing from the boiler. 
The steam on the 
upper side of the 
piston is escaping 
through the upper 
passage a a to the 
open air or to the 
condenser. E is the 
opening leading to 
the escape-pipe C. 
In order to push the piston down again, it is necessary 
to let steam from the steam-chest enter above the piston, 
and to let the steam below escape. The way in which 
this is done is exhibited in fig. 85, which represents only 
the parts concerned in directing the course of the steam. 
There is a movable piece called the slide-valve, which 
slides up and down so as to alter the connections. Tho 
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right-hand figure shows the position which we have just 
been considering, the steam being admitted below the 
piston and allowed to escape above. The second figure 
from the right shows the slide-valve a little lower down, 




closing for the instant both passages. The third figure 
from the right, or second from the left, shows the 
slide-valve still lower; in this position the steam is ad- 
mitted above the piston and escapes below. In the left- 
hand figure it is again for the instant closing both pas- 




sages. The slide-valve is in constant motion up and 
down, being driven by a kind of crank (called an eccen- 
tric) which revolves with the fly-wheeL Very often the 
feet of the slide-valve are lengthened, as in fig. 86, so as 
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to admit the steam for a shorter time, while not shorten- 
ing the time of escape. This is the usual plan when the 
steam which comes from the boiler is at high pressure 
(perhaps 4 or 8 atmospheres). A little of this steam 
(perhaps as much as would occupy J or J of the cylinder) 
has power enough to expand and push the piston to the 
end of its stroka A much larger quantity of work is 
thus obtained from a given quantity of steam, and a 
smaller quantity of waste heat is carried off; for the 
steam as it expands in the cylinder falls in temperature. 



LIGHT. 



Chapter XIV. 
EECTILINEAE PEOPAGATION. PLANE MIEEOES. 

162. Light is known to us through our sense of sight. 
The things which we see send light to our eyes, and it is 
by means of the light so sent that we see them. 

Some bodies allow light to come through them, and 
are called transparent; others prevent it from passing, 
and are called opaque. 

An opaque body hides from us any object which lies 
upon the production of a straight line drawn from our 
eye to the opaque body. On the other hand, when we 
see an object through a hole in an opaque obstacle, the 
object so seen lies upon the production of a straight line 
drawn from our eye to the hole. It is thus proved that 
light travels in straight lines. A line along which light 
travels is called a ray, and the name is also applied in a 
loose sense to the light which travels along the line. As 
a line has no breadth, every point of a visible object 
must be regarded as sending out an infinite number of 
rays in different directions. When we want to speak of 
all the rays which a point of an object sends to the 
pupil of an observer's eye, or to the object-glass of a 
telescope, or to any other surface of finite size, we call 
them a pencil of rays. They form a solid cone or pyra- 
mid from whose vertex they all proceed. 

163. The fact that light travels in straight lines is 
conspicuously shown by a beam of sunshine coming 
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through a small hole into a room. The course of the 
beam is rendered visible by the illumination of the 
motes upon which it falls, and a glance shows that this 
course is straight. 

If the hole is very small, the beam grows wider as it 
proceeds further from the hole, forming in fact a cone, of 




which the vertex is at the hole. If we receive the beam 
on a sheet of paper held at right angles to it, we get a 
bright round spot, which increases in size as we move 
the paper further from the hole. If the paper is held 
oblique to the beam, or if the beam falls obliquely on 
the floor as shown in fig. 87, the spot will be an ellipse 
instead of a circle. In either case the spot may be 
regarded as an image of the son; the beam is round 
because the sun is round. If straight lines are drawn 
from different points of the spot to the hole, and con- 
tinued, tbey will pass through different points of the 
sun; thus each point of the image receives light from 
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a different part of the sun's disc. Since all the rays cross 
at the hole, the image is inverted; the highest ray of 
the cone cornea from the lowest point of the sun's disc, 
and the lowest ray of the cone from the highest point 
of the disc 

164. Another illustration is furnished by shadows. 
When a small bright flame casts a shadow of an object 




at a considerable distance, as in fig. 88, it will bo found 
that lines drawn from the boundary of the shadow to 
the flame, just shave the outside of the object, as shown 
by the two dotted lines in the figure. In fact we have 
here a cone of darkness, just as in the last example we 
had a cone' of light; but tho cone is not complete — the 
portion between the flame and the object is wanting. 

165. Umbra and Penumbra. — In art. 163 we supposed 
the hole to be small enough to be regarded as a mere 
point, and in art 164 we treated the flame as a mere point; 
the hole was thus the vertex of a cone of light, and the 
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flame was the vertex of a cone of shadow. If the hole 
is too large to be treated as a point, we may regard it 
as made up of a number of small holes each giving its 
own cone of rays. The bright spot on the floor will 
now be indistinct at the edges — there will be a gradual 
transition from full brightness to full darkness. The 
intermediate region where there is neither full brightness 
nor full darkness is called the penumbra (pene, almost; 
umbra, shadow). A point in the penumbra is not receiv- 
ing light from all parts of the sun's disc, and if it be near 
the outer boundary of the penumbra it is only receiving 
light from a very small portion of the disc. 

Similar remarks apply to the shadow cast by the 
candle in fig. 88. The flame not being a mere point, the 
boundary of the shadow will be ill defined. The central 
part of the shadow receives no rays from any part of the 
flame whatever, and is called the umbra, but between 
this and the fully illuminated region there is a pen- 
umbra. A point in the penumbra receives rays from 
some parts of the flame, but is screened from other parts 
by the opaque obstacle. If it receives rays from only a 
very small part of the flame it is nearly as dark as the 
umbra; if it receives rays from nearly the whole flame 
it is nearly as bright as the fully illuminated region. In 
nearly ail cases of actual shadows, it is easy to observe 
the presence of a penumbra. 

166. Intensity of Illumination. — Suppose that we 
have four lighted candles all precisely alike, and that we 
set them side by side on a table, and then go to a dis- 
tance of some yards from them and hold up a printed 
page to receive their light. Now extinguish three of 
them. The light which falls on the page is only one- 
fourth of what it was at first Let the page be now 
carried nearer to the remaining candle. It will receive 




RECTILINEAR PROPAGATION. 143 

more light, and when it has been carried just half-way 
to the candle it will receive just as much light as it 
originally received from the four. Halving the distance 
gives four times the light; or, to state the same thing 
generally, the intensity of illumination is inversely as 
the square of the distance. 

The reason of this fact will be understood from a con- 
sideration of fig. 89, which represents a square pyramid 
with sections taken of it in 
two places, one of them 
twice as far from the vertex 
as the other. The larger 
section is divided into four F1 * w - 

squares, each of them equal to the smaller section; thus 
the larger section has four times the area of the smaller. 

Let the pyramid be now supposed to represent a pencil 
of rays streaming out from the vertex. The same rays 
which pass through the smaller section also pass through 
the larger, so that the light in travelling twice as far 
from the source is spread over four times the area, and 
the quantity of light which falls upon a given area (say 
a square inch) is diminished to one-fourth. 

167. The readiest way to compare the quantities of 
light emitted by two sources — for example a candle and 
a gas flame — is to make them both throw shadows of the 
same object, say a cedar pencil, side by side on a white 
wall, and to adjust the distances so that both shadows 
are equally strong. "We then know that the part of the 
wall where the shadows are is equally illuminated by 
both sources, and if we measure the distances of the 
sources from this part of the wall, the squares of these 
distances will represent the powers of the two sources; 
thus if the gas is 3 times as far off as the candle, it is 
equal to 9 candles. 
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168. Reflection.— When a ray of light, as S I, fig. 90, 
falls on a plane mirror at I, it is reflected in the direction 
1 0, making the same angle with the mirror as the ori- 
ginal ray. If we draw at la line I N at right angles to 
the mirror, I N is called the normal, and the three lines 
S I, I N, 1 all lie in one plane which is at right angles 
to the plane of the mirror. I is the point of incidence, 

SI the incident ray, 
I the reflected ray, 
SIN the angle of in- 
cidence, N I O the 
angle of reflection. 
The angle of incidence 
and the angle of reflec- 
tion lie in the same 
plane and are equal 
Let S be a small object 
from which the inci- 
dent ray proceeds, and 
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let S' be a point at the same distance on the other side of 
the mirror, so situated that the line SS' which joins 
them is at right angles to the mirror. Then if we pro- 
duce the reflected ray backwards it will pass through S'. 
This remains true if we take any other point of incidence 
I' or I". If all the incident rays come from S, as we 
are supposing, all the reflected rays will come as if from 
S', that is, if. produced backwards they would pass 
through S'. This is the reason why the mirror shows an 
image at S' of the object at S. 

169. In fig. 91 A B is a real arrow in front of the 
mirror, A' B' is its image behind the mirror. O is the 
pupil of an observer's eye, and the figure shows two 
pencils of rays which enter this pupiL One pencil seems 
to come from A' and the other from B', whereas they 
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really come from A and B and undergo reflection at the 
mirror as shown in the figure. The dotted cone A' Q is 
exactly like AQ 
the cone of inci- 
dent rays. The 
reflected rays 
form a frustum of 
a cone Q 0, and 
the dotted cone 
fits this frustum 
so as to make a 
complete cone 
A' 0, with A' as 
vertex. Similar 
remarks apply to 

the cone B' > 

The middle point P of the line A A' lies in the mirror, 
and so does Q the middle point of BB'. 





n«. u.— nan of ■ Cuuna. 



The image A' IS' is of the same size as the object A B, 
and though the figure only shows the rays from the ex- 
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treme points, a similar coustruction is applicable to all 
other points. The whole image A' B' is made up of the 
images of the different points of the object A B. 

Fig. 92 shows a candle in front of a mirror, the image 
of the candle behind the mirror, and an observer looking 
at the image. The course of a pencil of rays from the 
tip of the candle-name to his eye is shown by the con- 
tinuous lines, and dotted lines are used in the same sense 
as in the preceding figure. 

Fig. 93 illustrates in a very beautiful manner the 
reflection of objects in a landscape from the surface of 
still water. Each point of the image appears to be just 
as far below the level of the water as the same point in 
the real object is above. 

170. It must not be supposed that all the light which 
falls on a reflecting surface is reflected. The reflected 
light is less in amount than the incident light, so that 
the image is less bright than the object If the reflecting 
surface is metallic, the amount of light reflected is nearly 
the same at all angles of incidence; but in the case of 
reflection from the surface of a transparent substance 
such as glass or water, the amount is very different 
at different angles, being greatest when the incident 
rays make a very acute angle with the surface, and 
least of all when they are at right angles to it. Water 
does not reflect so much light as glass, and glass does 
not reflect so much as diamond. The brilliancy of jewels 
is due to the large quantity of light which they reflect 

In ordinary looking-glassts the reflection is given by 
a metallic surface, composed of mercury and tin, at the 
back of the glass plate; the glass merely serves to pro- 
tect this surface from becoming tarnished by exposure to 
the air. A little light is reflected at the front of the 
glass, but in ordinary circumstances not enough to be 
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noticed. It becomes very noticeable when we place a 




eye in such a position as to receive rays which make a 
very acute angle with 
the surface. "When the 
utmost possible perfec- 
tion is required in the 
image, there must be 
no glass in front of the 
reflecting surface. 

171. Images of Im- 
ages. — The light which 
comes or seems tocome 
from an image behaves 
in the same way as if 

object If we make it 
fall on a second mirror we shall get an image of the first 




image ; and this second image may again be reflected in the 
first mirror so as to give a third image. The light by which 
this third image is seen has been three times reflected, 
namely, first from the first mirror, then from the second 
mirror, and then from the first mirror again. As some light 
is lost by each reflection, the third image is less bright 
than the second, and the second less bright than the first. 




Fig. 94 shows the three images of a candle which are 
given by two mirrors at right angles. Two of them are 
formed by rays which have been once reflected, and the 
third by rays which have been twice reflected 

172. By placing the two mirrors at an angle of 60", as 
in fig. 95, we shall obtain five images of an object placed 
between them, or, counting the object as one, we shall 
have six altogether, arranged in a symmetrical pattern. 



Two of the images are formed by light which has been 
once reflected, two by light which has been twice reflected, 
and one by light which has been three times reflected. 
If the mirrors were placed at 30° we should have twelve 
images instead of six; and when the mirrors are parallel, 
as in fig. 96, there is no limit to their number except the 



limit imposed by loss of light in successive reflections, 
O is the real object, and the first six images are shown. 
The pencils of rays traced in the figure are intended to 
explain how the third images Og o x are formed by light 
which has been three times reflected. 

By employing three mirrors, and placing them so as to 
inclose an equilateral triangle, we obtain the effect shown 
in fig. 97, where the central triangle contains the real 
object and all the rest of the pattern is made up of images. 
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173. The well-known and beautiful optical toy called 
the kaleidoscope (invented by an eminent scientific man, 
Sir David Brewster) is constructed on these principles. 
It contains two or sometimes three plates of glass set at 
60°, or some other angle that gives a symmetrical pattern. 
The observer looks in at one end between the plates, and 
At the other end there are loose pieces of coloured glass, 
which constitute the object of which images are to be 
formed. As the rays which come to the observer's eye 
liave been reflected at a very acute angle, the surface of 
the glass reflects a large proportion of the incident light. 
The back of the glass is not silvered, but is blackened to 
prevent reflection; for reflection from front and back at 
once would produce confusion. 



Chapter XV.-CONCAVE AND CONVEX MIRRORS. 

174. Concave Mirror. — For many purposes in optics 
concave mirrors are employed. Sometimes their form is 
parabolic, but more usually it is spherical, that is to say, 
it is a portion of the surface of a sphere. When parallel 
lays fall upon a parabolic mirror properly placed, they 
Are all reflected to one point called the focus; and con- 
Tersely, if a source of light be placed at the focus, the rays 
"which it sends to the mirror will be reflected as a parallel 
beam. Parabolic mirrors are often employed in connec- 
tion with the electric light, when it is desired to throw 
.a strong light upon some distant object. 

175. The direction of the reflected ray at any point of 
a concave or convex mirror is determined by the same 
law which we have already stated at the beginning of 
art. 168 for a plane mirror. Draw the normal (that 
is, the perpendicular) to the mirror at the point of inci- 



deuce. Then the reflected ray, the incident ray, and the> 
normal all lie in one plane, and the incident and reflected 
rays make equal angles with the normal The curve- 
called the parabola possesses the property that the 
normal at any point makes equal angles with a lino 
drawn to the focus and a line drawn parallel to the axis. 
176. When parallel rays fall upon a spherical concave 
mirror, as in fig. 98, they are not accurately reflected to 
one point,, but those from the outer parts cut the axis 
nearer to the mirror than those from the central parte. 




The mirror in the figure has an aperture of about 96% 
that is to say, the arc MO N is an arc of about 96°. 
This arc is divided into twelve nearly equal parts, each 
of which is therefore about 8". The rays reflected from 
the points 8° and 16° on each side of the vertex meet 
the axis almost exactly at the point F (called the prindpai 
focus), which is just midway between the vertex and 
the centre of the sphere C (called the centre of curvature 
of the mirror). The aperture of a spherical mirror ought 
not to exceed 20° or 30° if we want it to reflect rays 
accurately to a focus, but a parabolic mirror may have as 
large an aperture as we like to give it. 

177. Let us suppose that the aperture of our spherical 
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concave mirror is not too great Then rays coming to 
the mirror from a very distant point may be regarded as 
parallel, and will be reflected to meet in a point midway 
between the centre of curvature and the mirror. If we 
draw a line from the distant point to the centre of curva- 
ture, and produce it to meet the mirror, the image will 
be upon this line, at that point of it which is midway 




between the centre of curvature and the mirror. By ap- 
plying this construction to the different points of a distant 
object, we see that the image will subtend the same angle 
at the centre of curvature as the object The sun sub- 
tends an angle of about half a degree; hence the image 
of the sun subtends an angle of half a degree at the centre 
-of curvature. If we describe a circle with a radius equal 
to half the radius of curvature, an arc of half a degree 
•on this circle will be equal to the diameter of the sun's 



image. As all the sun's rays reflected from the mirror 
pass through the image, there is a great concentration of 
radiant heat and light in this small area, and a piece of 
brown paper held in it may be set on fire. With very 
large mirrors, some of the moat refractory bodies iu 
nature have been melted. 

178. When the object from which the rays proceed is 
at only a moderate distance— in fact, any distance ex- 




ceeding half the radius of curvature — an image is still 
formed iu front of the mirror. Two cases are exhibited 
in figs. 99 and 100. In both figures the object is a lighted 
candle, and the image is thrown by the mirror upon a 
screen. If we want the image to be visible on both sides 
of the screen, as in the first figure, the screen must be 
translucent, and may be of white porcelain or white tissue- 
paper. If we only want it to be visible from the side 
next the mirror, white card or thick white paper is better. 
The image is always inverted, and if lines were drawn join- 
ing each point to its own image, these lines would all pasa 
through the centre of curvature. 
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In the first figure the image is diminished, in the 
second it is magnified. The image is always diminished 
when it is nearer to the mirror than the object is, and 
magnified when it is more remote than the object. When 
both are at the same distance, there is neither magnifica- 
tion nor diminution; the distance in this case is equal to 
the radius of curvature. The two distances are always 
interchangeable; — if the image of a point A is formed at 




a point B, then the image of the point B will be formed 
at the point A. When the distances are interchanged, the 
relative sizes are interchanged too; so that if the image was 
half as large as the object before the change, it will be 
twice as large as the object after the change. 

179. It is not necessary to employ a ; afreen to show an 
image, unless we want to show it to several people at once. 
It can be seen in mid-air by an observer who places him- 
self in a line with the image and mirror. In fig. 101 the 
object is an inverted bouquet B, within a box, which is 
open on the side next the mirror, and is at a distance 



equal to the radius of curvature. The observer sees, as 
it were, an erect bouquet on the top of the box. To aid 
the illusion, a real jar is placed on the box, and the 
phantom bouquet appears to stand in it 

180. A complete change takes place in the phenomena 




when the object is brought nearer to the mirror than half 
the radius of curvature. The image then appears behind 
the mirror, as in the case of a common looking-glass, but 
magnified, and at a greater distance behind (see fig. 102). 
As the object is moved nearer to the mirror the magnifica- 
tion becomes less. 
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181. Convex Mirrors. — A convex mirror gives dimin- 
ished images. The image is always behind the mirror, 
but not- so far behind as the object is in front; — in fact, 
it is never further behind than half the radius of curva- 
ture, this being its distance when the object is at a very 
great distance in front. 

182. When a given beam of incident light falls upon a 
mirror, we can alter the direction of the reflected beam by 
turning the mirror about; and when we turn the normal 
nearer to or further from the incident ray, we turn the 
reflected ray twice as much. If we want a ray to be re- 
flected back upon itself, we must make the normal coin- 
cide with it; if we want it to be reflected at right angles, 
we must make the angle between it and the normal 45°. 



Chapter XVI.— KEFKACTIOK 

183. Refraction. — When we look at objects in an 
aquarium, or in any vessel with plane glass sides contain- 
ing a clear liquid, we see curious displacements of the 
objects from their true positions. Similar displacements 
may be noticed whenever we look through the surface of 
water at objects beneath. They are due to the fact that 
a ray of light passing out of a liquid into the air is bent 
at an angle. The ray in the liquid is straight, and the 
ray in air is straight, but these two straight lines make 
an angle with each other. There is only one case in 
which they are in the same straight line, and that is 
when the incident ray coincides with the normal. The 
further the incident ray is from the normal, the greater 
the amount of bending will be. 

Bending occurs in like manner when a ray passes out 
of air into a liquid ; and the same two lines which repre- 
14 



sent the path of a ray from a point A in a liquid to a 
point B in air, will also represent the path of a ray from 
the point B in air to the point A in the liquid. This 
last is an instance of a rule which universally holds in 
optics — the path by which a ray can travel from a point 
A to a point B is always the same as the path by which 
a ray can travel from B to A 

184. The bending of a ray at an angle when it passes 
from one medium to another is called refraction. The 
ray in the first medium is called the incident ray, and the 




ray in the second medium the refracted ray. If we draw 
a normal both ways at the point of incidence, these two rays 
will lie in the same plane with it, and will make unequal 
angles with it, called the angle of incidence and the angle of 
refraction. If one medium he a liquid and the other air (fig. 
103), the ray E I in the liquid will make a smaller anglo 
with the normal N I N than the ray S I in air; so that 
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if the ray is passing from liquid to air it is bent further 
from the normal, but if it is passing from air to liquid it 
is bent nearer to the normal. If one of the two rays 
makes a very small angle with the normal, so also does the 
other; and if neither of them is greater than a few degrees 
(say 4° or 5°), they may be regarded as proportional; for 
example, if the two media are air and water, the angle in 
water is about £ of the angle in air. When the angles 
are larger this rule is not sufficiently exact. The exact 
law is called the " law of sines," and is expressed by the 
following construction (fig. 104). 

185. If the ray in air is given, lay off upon it 4 equal 
parts A B, B C, CD, D E, starting from the point of inci- 
dence A. Through D draw a 
normal NDF, and on it find a 
point F whose distance from A is 
equal to AE. Then FA pro- 
duced will be the path of the ray 
in water. 

If the ray in water is given, lay 
off upon its production in air 4 
equal parts, and drop a normal 
F N from the end of the 4th part. 
Upon FN find a point D such 
that A D shall be equal to 3 of these parts. A D will be 
the path of the ray in air. 

In this figure it will be observed that AEN is the 
angle which the ray in water makes with the normal, 
(for the normal at A would be parallel to the normal 
E N,) and A D N is the angle which the ray in air makes 
with the normal. 

If we turn the figure upside down we may regard A F 
as the ray in water, and A D as the production of the 
ray in air. 
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The ratio of A F to A D, which is £ for water, is differ- 
ent for other liquids; whatever its value may be, it is 
called the index of refraction for the liquid in question. 

18S. The same law holds when, instead of a liquid, we 
have a transparent solid, like glass. The index of refrac- 
tion for glass is 4 or more, and increases with the density 
of the glass. As § is greater than J, there is more bend- 
ing when a ray passes from air to glass than when it 




passes from air to water, the angle of incidence being 
supposed the same in the two cases. 

187. Critical Angle. Total Reflection.— Fig. 105 
represents a number of rays refracted out of water into 
air. They all come from a point O in the water. One 
of them is incident normally on the surface, and emerges 
normally, thus keeping its course straight. Six rays on 
the right and six on the left of this are bent, the bending 
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being greater as we get further from the normal; and 
three rays on each side beyond these illustrate a fact 
which we have not yet mentioned. They are too far 
from the normal to be refracted into air at all ; and what 
happens is — they are reflected back into the water, as 
shown in the figure, the surface of the water behaving, 
as far as they are concerned, like ahighly polished mirror. 
The reflection in these ciroumstances i 




than we can obtain in any other way, sensibly the whole 
of the incident light being reflected; hence it is called 
total reflection, or total internal reflection. 

There is a certain limiting angle such that, if a ray in 
water makes a smaller angle than this with the normal, it 
will be refracted into the air; but if it makes a larger 
angle, it will undergo total reflection. This limiting 
angle is called the critical angle, or the critical angle of total 
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reflection, for water. We can find it by making A D in 
the construction of fig. 104 coincide with AN, so that 
we shall have a right-angled triangle in which the side 
A N is 3, and the hypotenuse A E is 4; the angle A E N 
will then be the critical angle for water. To find the 
critical angle for glass, A N must be 2 and A E not less 
than 3. A ray incident at 45° will emerge from water, 
but will be totally reflected in glass. 

188. Fig. 106 shows the position in which the eye of 
the observer should be placed to see total reflection at 
the surface of water. The eye and the object- to be 
reflected must both be below the level of the surface. 
The object may either be in the water, (a spoon answers 
very well,) or may be outside as in the figure. The 

water should be perfectly still, and it is 
Fig. io7. therefore better to rest the vessel on a 
stand. Total reflection in glass is best 
shown by means of a prism having the 
shape of a right-angled isosceles triangle 
(fig. 107). A ray incident normally at 
one of the two sides is totally reflected at the hypo- 
tenuse, and emerges at the other side. Thus objects 
opposite one of these sides are seen by an observer look- 
ing in at the other, and appear 90° away from their true 
position. 

189. Displacement of Objects by Refraction. — If R 
(fig. 103), is the position of an object under water, and 
R I S the course of a ray from it to the observer's eye, 
the observer will see it in the direction of S I produced, 
shown by the dotted line in the figure. The point in 
this line at which it will appear to be, if the observer is 
looking with both eyes in the ordinary way, is exactly 
over its true position at R, that is, at the point where a 
line drawn vertically upwards from R meets the dotted 
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line. Objects under water, when we look at them 
through the surface of the water, always appear lifted 
up. Hence if a straight stick is held in a sloping posi- 
tion, half in air and half in water, it appears bent The 
lifting up is least when we look straight down into the 
water; the objects then appearing at three-fourths of 
their true distances from the surface, so that if the water 
is really i feet deep it will appear only 3 feet deep. 
When we look in a sloping direction, the displacement is 
greater, and increases till the direction of vision is so 
nearly horizontal that the light reflected from the surface 
prevents our seeing what is beneath. 

190. The following experiment is well known and 
very instructive. Put a coin at the bottom of a basin, 




Fig. 1M.- Virion through Fills. 

retire from it till the coin is just hidden from your view 
by the edge of the basin, and then get some one to pour 
water into the basin till it is nearly full. This will 
render the coin visible to you, by as it were lifting up 
the bottom of the basin. 

191. When a ray passes through a piece of plate-glass, 
or a vessel of water with parallel sides, it forms a zigzag, 
the last part being parallel to the first, as shown in fig. 
108, which represents the course of a pencil of rays from 
a point S through a glass plate to an observer's eye. 



r to the plate 



The image will be at S', which is i 
than S. 

By a combination of refraction and reflection, a number 
of images of a bright object may be seen in a piece of plate- 
glaaa (fig. 109), whether 
silvered at the back or 
not A gas flame turned 
very low, or the bright 
end of a gold pencil- 
case, will answer for the 
object, and the inci- 
dence of the light should 
be very oblique. The 
nearest image is formed 
by reflection from the 
front of the glass; the 
second is seen by light 
that has been first re- 
fracted into the glass, 
then reflected at the 
back, and then refracted 
out of the glass again. (This is the way the ordinary 
image in a looking-glass is formed.) The third image is 
formed by light that has been twice reflected from the 
back, besides being once reflected at the front and twice 
refracted; and the succeeding images are similarly ex- 
plained. Fig. 110 shows the history of an incident ray 
from an object at S. When it strikes the surface, part 
of it is reflected and another part enters the glass. This 
latter part strikes the back and is in part reflected there. 
On again arriving at the front, it is partly refracted 
into the air and partly reflected into the glass, and so 
on for several successive reflections and refractions, 
becoming at last so much reduced in quantity as to be 




The ais portions which are represented as 
n front give rise to the six images S' S° Sj S S S 3 , 
&c The dotted lines are to show that the actual rays 
if produced backwards pass through these images. 

192. When a ray passes through a medium whose 
density is not uniform, but changes gradually from point 
to point, the ray is bent; but instead of being bent at on 




angle, it is bent into a. curve, and it always follows the 
rule of bending towards the side on which the index of 
refraction is greatest; that is, in most cases, the side on 
which the density is greatest The cheaper kinds of 
glass abound in irregularities of density, which cause 
noticeable distortion of objects seen through them; and 
inequalities of density in air produce the flickering ap- 
pearance that is seen near hot stove-pipes and over the 
tops of gas flames. 

193. A gradual bending takes place in the rays which 
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pass through the earth's atmosphere on their way from 
heavenly bodies to the earth's surface. The lower layers 
of air are denser than the upper, and consequently rays 
are bent continually downwards. Let E A, fig. Ill, be 
such a curved ray coming from a star E to the eye of an 
observer at A. (The height of the atmosphere in com- 
parison with the size of the earth is greatly exaggerated 
to make the figure plainer.) Then the direction in which 



Fig. ill. 
Atmospheric Refraction, 




the star is seen will be that of a tangent A E' drawn to 
the curve at A. The stars are thus lifted up by refraction, 
and the stars which are most lifted up are those which 
are nearest to the horizon. The effect is nearly the same 
as if we suppose the atmosphere to be made up of a finite 
number of layers bounded by the circular arcs in the 
figure, and the ray to keep a straight course within each 
layer, but to be bent at an angle in passing from each 
layer to the next. 

194. Prism. — It is easy to produce large changes in 
the direction of rays of light by employing a prism. All 
that is really necessary is a piece of glass with two plane 



faces inclined at a considerable angle to each other; but 
the prisms commonly employed are triangular (either 
equilateral or isosceles,) as in fig. 112, which shows a prism 
mounted on an adjustable stand, by means of which it can 
be raised, lowered, and turned about into any position 
that may be required. When it is placed (as in the figure) 




with one of its faces (which we shall call the base) hori- 
zontal, and one of its three edges at the top, a ray enter- 
ing at one of the two sloping faces, then traversing the 
prism to the other sloping face, and there emerging, 
will be bent down, as shown by the dotted line from 
the candle to the observer's eye in the figure, and the 
observer will consequently see the candle lifted up, for it 
will appear to him to be in the prolongation of the ray 
which enters his eye. 



195- To understand how this is, look at fig. 113, 
where S I is the incident ray, N I the normal at the point 
of incidence, I E the course of the ray through the prism, 
E B the emergent ray, and E N' the normal at the point 
of emergence. The angle which the ray in the prism 
makes with the first 
normal is smaller 
than the angle of in- 
cidence N I S, and 
the angle which it 
makes with the sec- 
ondnormal is smaller 
than the angle of 
emergence N'EB; 
for the rule always 
m 3 . ni.-Rrfrm=ii™ mrouBh prino. is that the ray in 

glass makes a smaller 
angle with the normal than the ray in air. At both faces 
it is thus bent towards the base of the prism, or away 
from the angle in which the two faces meet, which is 
often called for shortness tlie angle of the prism, or the 




196. By altering the direction of the incident ray wo 
shall alter the direction of the emergent ray. For in- 
stance, if we make SI steeper, EB will be less steep; 
the bending at I will thus be increased, and the bend- 
ing at E diminished. The total amount of bending will 
not be exactly the same as before. The total amount of 
bending is least when the bending at I is equal to that 
at E, in which case the ray I E is parallel to the base of 
the prism (supposed isosceles or equilateral), and the in- 
cident ray makes the same angle with the first face that 
the emergent ray makes with the last The further we 
depart from this symmetrical position, the greater is the 
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deviation (i.e. total bending) that we obtain. The syn> 
metrical position is accordingly often referred to as the 
position of minimum deviation; and it is more used than 
any other position, because in most of the applications 
bf prisms it gives clearer images than any other posi- 
tion. 

197. The large amount of bending that a prism gives 
brings into prominence a circumstance which may easily 
escape observation in experiments on refraction at a single 
surface of water or through a glass plate; — the circum- 
stance that blue light is more bent than red light, and 
that such an object as a strip of white paper on a dark 
ground, or a gas or candle flame, when seen through a 
prism, is coloured at the edges, the edge furthest away 
from the real object being blue, and the near edge red or 
orange. The index of refraction of a substance is accor- 
dingly different for the different colours which combine 
to make up ordinary light. We shall return to this sub- 
ject later. 

198. When the angle of a prism is small — say any- 
thing between 0° and 15° — and the angles of incidence 
and emergence are not very unequal, we may apply the 
approximate law of refraction given for small angles of 
incidence in art. 184, and say that the angle of incidence 
is p. times the angle of refraction at the first surface; the 
Greek letter p (pronounced mu) being used as a symbol to 
denote the index of refraction; and in like manner, that 
the angle of emergence is /x times the angle which the 
ray in the prism makes' with the second normal Hence 
it can be shown by elementary geometry that the bend- 
ing at the first refraction is p — i times the first angle of 
refraction, and that the whole bending is p — i times the 
angle of the prism. Thus if the angle of the prism be 
10°, and the index of refraction f, the ray will be 

15 



bent 5° out of its original course. This fact — that the 
deviation produced by a prism of small angle is propor- 
tional to that angle — forms the foundation of the theory 

of lenses. 



Chaptbr XVII.— LENSES. 

199. Lenses. — When the two faces of a piece of glass 
through which light is refracted are both of them plane, 
we call it a plate if they are parallel, and a prism if they are 
not parallel. When the faces are curved, or one of them 
curved and the other plane, we call it a lens. The cur- 
vature is usually spherical; that is, each face is port of the 
surface of a sphere. The faces may be either convex or 




concave, and thus we have the several varieties shown in 
fig. 114. The lens A is double-convex, D is double-con- 
cave, B is plano-convex, E plano-concave. C and F are 
both of them convex on one side and concave on the 
Other, and are called meniscus leases. C is a convex 
meniscus, the convexity being more decided than the 
concavity, so that it is thickest in the middle, and F is a 
concave meniscus. 

200. The connection between a prism and a lens will 
be understood by studying fig. 115, which represents a 
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piece of glass very like a lens, bat really consisting of one 
plate and six prisms, three above and three below the 
plate. Seven parallel rays coming from the right hand 
are supposed to fall on these seven parts. The middle 
ray being incident normally on the plate is not bent, but 
all the others are 
bent towards the 
bases of their re- 
spective prisms. 
The prisms which 
are furthest from 
the centre have the 
greatest angle be- 
tween their faces, 
and therefore bend 
the rays most; thus 
' the seven emer- 
gent rays may meet 
in a point 

201. A lens may 
be regarded as con- 
sisting of an un- 
limited number of 
such prisms, the 
angles between 
their faces gradu- 
ally diminishing as 
we get further 
from the axis of 

the lens; and it is the duty of the lens, if convex, to 
make rays parallel to the axis falling on one face of it 
converge accurately to one point after emerging from the 
other face {fig. 116). The point F in which they meet is 
Railed the principal focus; and there will be another prin- 




cipal focus on the other side of the lens, since rajs may 
pass through the lens in either direction. 




202, Fig. 117 shows what happens when rays parallel 
to the axis fall upon a concave lens. They diverge; and 
if the lens does ita duty perfectly they diverge from one 
point; that is to say, the emergent rays, if produced back- 
wards, would meet in one point F, which is still called 



the principal focus, but it is only a virtual focus, because 
the rays themselves do not pass through it, but only their 
backward productions. 

208, When we regard a concave lens as made up of 
prisms, the bases of the prisms must be turned away from 
the axis, whereas in a convex lens they are turned towards 



the axis. Prisms bend rays towards their base; hence 
concave lenses bend rays from the axis and convex lenses 
bend rays towards the axis. In other words, concave 
lenses tend to make rays diverge, and convex lenses tend 
to make them converge. 

204. The properties of a convex lens are similar to 
those of a concave mirror, and the properties of a con- 
cave lens to those of a convex mirror. 

When we look through a concave lens, it makes objects 
appear smaller and nearer; and this is the case whatever 
their distances are. 

When we look through a convex lens at an object 
between the lens and the principal focus, it appears larger 
and further off than it really is; but when we place the 
object further off than the principal focus, there is a com- 
plete change in the phenomena. In this case, if our eye is 
near the lens, the object appears magnified, but very con- 




fused; if, however, we draw back a sufficient distance, *t) 
may be able to see an inverted image of the object ap- 
pearing to be between our eye and the lens. In order to see 
this, it is necessary that the eye be removed back beyond . 
the principal focus, — a foot or two feet further will be 
sufficient if the object is distant; or we may throw the 
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inverted image on a screen, and thus show it to several 
people at once. 

205. Fig. 118 illustrates the action of a convex lens 
Then the object is nearer than the principal focus. The 
rays from any point of the obj ect, as S, are made to diverge 
from a more distant point 3'. To a person looking through 
the lens from the other side, S will seem to be at S'. Thus 
the point S' is the image of S, and each point of the object 
has in like manner its own image. 

Fig. 119 illustrates the case where the object is beyond 
the principal focus. The rays from a point S of the 



object are now made to converge to a, point S' on the 
other side. If there is a small candle-flame at S, all the 
light that it sends through the lens will l>e concentrated 
at S', and a bright spot will accordingly be thrown upon 
a screen held there. 

206. There is a very simple rule connecting the size of 
an image with its distance from the lens. It is illustrated 
by fig. 120, where the small arrow AB is the object, and 
the large arrow is its image, as seen by a person looking 
through from the other side. If we draw a straight line 
through any point of the object and the corresponding 
point of the image, this line must pass through 0, the 
centre of the lens; so that the line A must pass through 
one end of the image and the line O B through the other 
end. It follows that the lengths of the object and the 



image will be directly as their distances from 0. Thus if 
the image is three times as far from the lens as the object 
is, it will be three times as long and three times as broad. 




Fig. 121 illustrates the same thing for a concave lens. 
Here the large arrow A B is the object, and the small 
arrow a b the image. We see that, if the image is only 
half as far from as the object is, it will be only half as 
long and half as broad. When an image is thrown by a 



convex lens upon a screen, the same rule holds; — the linear 
dimensions of an object and its image are in the same 
ratio as the distances of the object and the image from 
the lens. 

207. An image that can be thrown upon a screen can 
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always be seen without the screen, by going a foot or two 
further off than the image, and keeping the eye exactly in 
a line with the lens and object. The image will then be 
between the eye and the lens at a convenient distance for 
distinct vision. 

208. The magnifying power of a lens is greater as the 
focal length (that is, the distance of the principal focus) is 
shorter. When we want to obtain the greatest magnifica- 
tion we can, with a lens of short focus, the eye should ^e 
placed close to it; and then, in order to obtain distinct 
vision, it will be necessary to place the object nearly as 
far away as the principal focus. Magnifying lenses are 
always convex; concave lenses make things look smaller 
instead of larger. 

Since the magnifying power is greatest when the focal 
length is least, the smallest lenses are generally the strongest 
magnifiers; for if we have two lenses of the same shape and 
material, their focal lengths will be proportional to their 
breadths. If two lenses have the same breadth, but are 
not of the same shape, the more convex one will be the 
more powerful. The material of the lens of course makes 
a difference; the higher the index of refraction, the greater 
will be the power of a lens of given size and shape. 

209. Convex lenses, like concave mirrors, can be used 
to inflame bodies by means of the sun's rays; they are then 
called burning glasses. The power of a burning glass 
increases with its size, and also with its convexity. A 
very small lens, however high its magnifying power, will 
be ineffective as a burning glass. 

The size of a lens is an important element in deter- 
mining the brightness of the image which the lens will 
throw upon a screen. If we cover up a portion of the 
lens, the image on the screen will be of the same size as 
before, but will be less bright. 
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210. We can now to some extent explain the use of 
spectacles, though the subject cannot be fully understood 
till wo have studied the structure of the eye. 

The defects of vision which ordinary spectacles and 
«ye-glasses are intended to remedy are of two opposite 
kinds. Near-sighted persons cannot see objects distinctly 
unless they are near. More distant objects appear to 
them hazy and blurred. Their want is met by concave 
glasses, for these present them with images which are 
nearer than the objects (see fig. 121). A concave lens 
(like a convex mirror) gives images which are never more 
distant than the principal focus. A very distant object 
will have its image at the principal focus, and nearer 
objects will have nearer images. 

On the other hand, people who have had perfect sight 
in their youth find, as they grow old, that they cannot 
see near objects distinctly, though they can see objects 
beyond the distance of a few feet as well as ever; they 
therefore need glasses which, when they are looking at 
near objects, will present them with images far enough 
off for them to see. This purpose is served by convex 
lenses (see fig. 120) of focal length greater than the dis- 
tance at which the objects will be placed. 

211. Camera Obscura. — The property possessed by 
convex lenses of throwing images on screens is beauti- 
fully illustrated by the camera obscura, which is often on 
exhibition at the sea-side and other places of popular 
resort. The visitor enters a small round apartment, with 
a round table in the centre, covered with a smooth white 
canvas tablecloth, to serve as a screen for receiving images; 
and after the room has been darkened, the operator throws 
upon this screen portions of the surrounding landscape, 
with objects moving as in reality. "We see people walk- 
ing about on the sands, waves breaking, boats sailing, 
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&c, all in their natural colours; and if the sun is shining 
brightly, so as to make the picture sufficiently luminous, 
the spectacle is very striking. 

These pictures are formed by a very large convex lens, 
which is straight over the centre of the table, at a height 
equal to or a little greater than its own focal length, which 
is several feet. Above the lens is a plane mirror rather 
larger than the lens, and at a slope of about 45°, which 
can be turned round a vertical axis so as to face towards 
any point of the compass at pleasure. If we could look 
up into the mirror, we should see an image of the land- 
scape straight overhead; and the lens throws on the table- 
cloth an image of this image. 

212. In the photographic camera, no mirror is em- 
ployed; but the lens directly faces the object to be repre- 
sented, and throws an image of it on the sensitized plate. 
Before putting in the plate, the operator throws the image 
on a screen of ground glass, and looks at it from behind. 
When he has adjusted it to his satisfaction, he shuts off 
the light, substitutes the sensitized plate for the ground 
glass, and then readmits the light for the proper time. 
The explanation of the chemical processes by which the 
picture is first developed, and then rendered permanent, 
does not fall within our province. g We will merely call 
attention to the fact that light is capable of producing 
chemical effects. 

213. The magic lantern is another example of the 
same property of convex lenses. A small picture, painted 
in transparent colours on a glass slide, is placed behind 
the lens, at a distance a little greater than the focal length. 
A greatly magnified image is formed at a much greater 
distance in front, and is thrown upon a white wall or a 
white sheet. The apartment is darkened, and the light 
which forms the image comes from a flame in the centre 



of the lantern. A second convex lens is placed at about 
its own focal length from the flame, and serves to distribute 
the light uniformly over the slide. 



Chapter XVIIL 
THE EYE. TELESCOPES AND MICROSCOPES. 

214. We may now proceed to give aome account of the 
human eye. 

Fig. 122 is a vertical section, in which C is the cornea, 
I the iris, P the pupil, L the crystalline lens, V the vitreous 
humour, and the optic nerve. 

The external shell of the eye is tough and horny, and 
of a white colour, except 
in front. It is called the 
sclerotic. The front part 
of it is transparent, and 
more convex than the 
rest. It is called the 
■cornea. Behind the cor- 
nea is a cavity containing 
-a watery liquid called the 
aqueous humour. Nearly 
.at the back of this is the 
iris, which is an opaque 
curtain with a round hole 
The iris is coloured. It ii 

■eyes, brown in brown eyes, and so on; and it is full of 
muscular fibres which contract and lengthen of their own 
accord so as to alter the size of the pupil, making it small 
when exposed to strong light and large when exposed to 
■darkness. 




n the centre called the pupil. 
the part that is blue in blue 
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Behind this is the crystalline lens, which is a solid body, 
as transparent as the clearest glass, and built up of coats 
like an onion. Its shape is that of a very convex lens, 
more convex behind than in front Behind it, is a very 
large cavity occupying the greater part of the eye, and 
filled with a jelly called the vitreous humour. The walls 
of this cavity are intensely black except the back, which 
is covered with a membrane sensitive to light, called the 
retina. 

215. Bays from an external object at a proper distance 
for distinct vision are rendered convergent by the con- 
vexity of the front part of the eye, that is, the cornea and 
vitreous humour (which act like one body); and the crys- 
talline lens renders them still more convergent. The lens 
would have no effect if its index of refraction were the 
same as that of the humours before and behind it; but it- 
has a rather higher index of refraction than they have,, 
especially in its central portions, and it thus acts in the 
same way (though not so powerfully) as a convex lens in. 
air. For distinct vision to be obtained, the rays from 
a point of the object must converge to a point of the 
retina; in other words, a sharp image of the object must- 
be depicted on the retina. 

216. There is a difficulty to be surmounted here; for 
when a lens is fixed in front of a screen, and throws upon 
the screen a sharp image of an object at the distance of a • 
mile, it will not give a sharp image of an object at the 
distance of a foot. As the object comes nearer, the dis- 
tance of the lens from the screen needs to be increased. 
The mode in which the eye is accommodated to different 
distances appears to consist in the relaxation and contrac- 
tion of muscles which surround the eye, and which, when 
they are contracted, squeeze it out to a greater length, 
thus increasing the distance between the crystalline lens- 
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and the retina. The focal length of the lens is at the 
same time shortened by an increase in its convexity. 
When the muscles are relaxed, the eye (in the case of 
most people) is in correct adjustment for viewing very 
distant objects. 

217. The retina, upon which the image is formed, is 
made up of the ends of nerve-fibres which lead to the 
optic nerve. These nerve-ends are sensitive to light, so 
that light falling upon them gives the sensation of seeing. 
If light came to them direct from external objects, without 
the intervention of apparatus for producing convergence, 
we should merely get a general impression of the sum 
total of light that comes to us from a landscape, instead 
of seeing its separate parts. 

218. When we look at a near object with both eyes, 
the two pictures which are formed are slightly different 
in outline, and these differences give us the means of tell-. 
ing which parts of the object are nearest to us; in other 
words, they give us the perception of relief. This effect 
is successfully imitated in the stereoscope, in which two 
photographs, taken by two cameras side by side, are 
placed one in front of each eye. The two pictures com- 
bine into one as we look at them, and give us an irre- 
sistible impression of relief. 

219. Before going on to describe telescopes and micro- 
scopes, ifc will be well to say a few words about apparent 
size. We have given some rules in art. 206 relating to 
the actual sizes of images; but the actual size of an image 
must not be confounded with its apparent size. The 
actual size can be stated in inches; the apparent size 
can be stated in degrees of angle. The apparent length 
of an image is measured by the angle contained between 
two lines drawn from the two ends of the image to the 
observer's eye. This angle, in fact, is what determines 
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the length of the picture of the object that is formed on 
the retina. If the full moon, as seen with the naked 
eye, subtends an angle of half a degree, and, as seen in a 
telescope, subtends an angle of ten degrees, we say that 
the apparent diameter is increased twenty-fold, or that 
the telescope has a magnifying power of 20. 

220. Telescopes. — A telescope of the simplest kind con- 
sists of two lenses, one large and the other small; or of a 
large concave mirror and a small lens. The large lens 
or mirror has a long focal length; and the greater this 
length is, the larger is the image which is formed at the 
principal focus, when the instrument is pointed to a dis- 
tant object. This image could be thrown upon a screen 
placed at the focus, or could be viewed by the eye direct 
The small lens is a convex lens of short focal length, 
which is brought near to this image and enables us to 
see it magnified. 

221. Fig. 123 is intended to explain how a telescope 
magnifies. L is the large lens above mentioned, called 
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Fig. 183.— Principle of Astronomical Telescope. 

the object-glass. A 1 B 1 is the inverted image which it forms; 
the distance of this image from the centre C being the 
focal length of the object-glass. L' is the eye-glass, and 
A' B' is the image which it forms of A x B r This second 
image is what the observer sees. Its apparent size is 
measured very nearly by the angle A' C B', which is the 
same as Aj C B 1 ; and this is much larger than the angle 
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Aj'CBp or its equal ACB, which measures the apparent 
size of the object as it would appear to the naked eye. 

If A 1 B 1 were midway between the two lenses, the 
telescope would not magnify; for the two angles A x C B t 
and A x C B x would be equal; and if A x Bj were nearer to C 
than to C there would be diminution. The magnifica- 
tion depends upon A^j being further from C than 
from C; and the magnifying power is computed by 
dividing one of these distances by the other, or what is 
nearly the same thing, dividing one focal length by the 
other. 

222. The following remarks will explain how the 
figure has been drawn. 

Rays passing through C, the centre of the object-glass, 
are not bent; and the same remark applies to C, the 
centre of the eye-glass. Hence we can draw a straight 
line through C from any point of the object to the cor- 
responding point of the first image A x B r The object is 
supposed to be far away to the left, and the straight rays 
A C Aj, B C B x come from the two ends of it to the two 
ends of the image. The lengths of C A x , C B x are to be 
made equal to the focal length of L. The eye-lens L' is 
supposed to be at rather less than its own focal length 
from this first image; in fact, F is supposed to be the 
principal focus of L', and it has another principal focus 
F' at the same distance on the other side. In practice 
the distance F F x is very small compared with F C. 

We know that the ends of the second image A' B' 
must be somewhere on the lines C A lf C B v or on the 
continuations of these lines, because the rays A x C and 
B x C will not be bent; and we can find how far off it is 
by tracing the course of a ray from A 1 parallel to the 
axis. We know that after passing through the eye-lens 
this ray will go to the principal focus F'. But to the 
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observer this ray will seem to come from A'. Hence we 
have only to produce this ray backwards till it meets the 
production of C A 1? and the point where they meet will 
be the point A'. 

By pushing the eye-lens in, or pulling it out, through 
a small distance, we change the distance F P 19 and this 
makes a great difference in the distance of A' B'. As we 
■make F P x diminish to nothing, we send A' B' further off 
to an unlimited distance; so that if F coincides with P a 
the observer must focus his eye as if he were looking at 
distant objects; and if he then push the eye-piece gra- 
dually further in, he will still be able to see distinctly by 
altering the focal adjustment of his eye, until he has 
brought A' B' to the nearest distance of distinct vision. 

223. This kind of telescope is very much used for 
astronomical purposes ; but as it shows things upside down, 
it is not convenient for ordinary terrestrial purposes. 




Fig. 131— Principle of Galilean Telescope. 

Fig. 124 illustrates in the same way the formation o! 
images when the eye-glass is concave. Here the rays on 
their way to form the first image A x B 1? which is inverted, 
are intercepted by the eye-glass, and made to form the 
erect image A'B'. This is the construction used for 
opera-glasses and binocular field-glasses. 

In the ordinary terrestrial telescope, the arrangements 
for rendering the image erect are rather complicated. 

224. In reflecting telescopes, instead of an object- 
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glass there is a concave mirror, generally called & speculum, 
which is the Latin name for mirror. It must not he of 
glass silvered at the hack like a looking-glass; for the 
reflection from the front would interfere with that from 
the hack; and inequalities in the glass, whether in its den- 
sity or its thickness, would produce irregular refractions. 
The speculum is usually of solid metal, consisting of an 
alloy of copper and tin called speculum metal. This alloy 
is very hard and very brittle — harder and more brittle 
than glass. Of late years what are called silvered specula 
have been largely used instead. A silvered speculum is 
made by first grinding one face of a thick piece of glass 
into the proper shape, and then depositing upon its sur- 
face by chemical means a thin covering of silver — not 
quicksilver, but silver properly so called. These specula 
are much cheaper than the others, for glass is much 
easier to work than speculum metal. 

225. The speculum of a telescope, instead of being at 
the end next the object, as an object-glass is, must be at 
the further end; and there are various contrivances to 
prevent the observer from standing in his own light, as 
he would do if he put his eye to the mouth of the tele- 
scope, and looked towards the speculum. 

Sir William Herschel, with some of his gigantic tele- 
scopes, tried the plan of placing the speculum a little 
oblique, so that rays coming down the axis of the tube 
were reflected, not to the centre of the mouth, but to a 
point near one edge. This obliquity was found very in- 
jurious to good definition. A commoner plan is to place 
a small plane mirror just within the mouth, to catch the 
reflected rays and send them sideways, this mirror being 
set at an angle of 45°. The observer looks in through 
the side of the tube near its mouth, an eye-lens being 
employed, as in refracting telescopes, to magnify the 



image. This kind of telescope was first made by Sir 
Isaac Newton, and is called the Newtonian Reflector. 

226. Another plan, more convenient for terrestrial pur- 
poses, is represented in fig. 125. M is the large concave 
speculum, which has a hole in the middle for the ob- 
server to look through with the aid of the eye-lens or 




rather eye-piece A B. m is a Email concave mirror, which 
can be moved further or nearer by the focussing screw 
V. The large speculum forms an inverted image; and 
the rays from this image go on to the small mirror, 
which is at rather more than its own focal length from 
the first image, and therefore forms an inverted and mag- 
nified image of it at a greater distance, namely, just in 
front of the eye-piece. The second inversion undoes the 
first, and this telescope (which is called the Gregorian) 
therefore shows things erect. 
227. Chromatic Aberration. — We must now call at- 
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tention to a source of difficulty in the- construction of 
lenses which does not exist in the case of mirrors. Blue 
light (as mentioned in art. 197) is more bent by refrac- 
tion than red light; hence a lens atts more powerfully 
on blue light than on red, and the focal length of a lens 
is shorter for blue than for red. Ordinary light, in fact, 
contains a mixture of various colours, all having different 
focal lengths for one and the same lens. The consequence 
is that, instead of obtaining images with sharp outlines, 
we have fringes of colour where the edges ought to ba 
If only one kind of glass were available for making lenses, 
this difficulty could not be overcome, and the construction 
of a powerful and yet clear refracting telescope would be 
impossible. 

In reflection there is no such separation of colours, and 
Newton had recourse to reflection as the only means of 
constructing a good telescope. 

228. Achromatic Lenses. — Since his time it has been 
found that by joining together two lenses, one convex 
and the other concave, of two different kinds of glass, the 
separation of colours can be greatly diminished, and re- 
fracting telescopes can be constructed which give as sharp 
outlines as reflecting telescopes. Flint glass separates the 
colours more than crown glass; so that, if we construct 
a flint-glass prism and a crown-glass prism with such 
angles that they give upon the whole the same amount 
of deviation, the flint-glass prism will bend the blue 
rays more and the red rays 
less than the crown-glass n*i*. 
prism, and if we pass a beam 
of light through the two 
prisms in succession, with 
their bases turned opposite ways, as in fig. 126, blue will 
be bent one way and red the other. If we want to pre- 
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vent the separation of blue from red, we most increase 
the power of the crown-glass prism by giving it a larger 
angle; and then it will overpower the flint-glass prism, so 
that all the light which passes through the combination 
will be bent towards the base of the crown-glass prism. 

In like manner we can combing two lenses, one convex 
and the other concave, making the crown-glass lens so 
much stronger than the other that the combination has 
the same focal length for blue as for red. If the crown 
lens is convex, the combination will act as a convex lens; 
and if the crown lens is concave, the combination will act 
as a concave lens. Such a compound lens is called achro- 
matic. Fig. 127 shows the usual construction for a con- 
vex achromatic lens. The crown lens is double convex, 

and the flint lens is a 




Fig. 127. 



concave meniscus, its 
concave side fitting 
the crown, while its 
other side is flatter. 
The crown lens alone would bring parallel rays to a focus 
at V if they are blue, and at R if they are red; and the 
flint lens shifts both these principal foci to F, which is 
accordingly the principal focus of the combination. 

229. This construction is employed for the object- 
glasses of telescopes, but not for the eye-glass or eye-piece 
as it is called. This usually consists of two convex 
lenses of the same kind of glass, with a considerable 
space between them. There are good reasons for this 
arrangement, but they involve too much mathematics to 
be stated here. 

230. Microscope. — Microscopes are of two very distinct 
kinds, simple and compound. A simple microscope is 
merely a convex lens of short focus. Its action is illus- 
trated by fig. 120, art 206, in which F and /are the two 
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principal foci, the small arrow A B is the object, and the 
large arrow the image. Rays from A and B parallel to 
the axis will be refracted to F, and will seem to come 
from the ends of the image. Also the rays A and B O 
will pass straight on, and will seem to come from the two 
ends of the image. If the object is moved nearer to /, 
the image will move further off, and we can thus send it 
as far off as we like. If the object is beyond / it will 
not be seen distinctly. If the simple microscope is a 
strong one, the focal length 0/ will perhaps be \ of an 
inch, and the distance of the object from will be 
sensibly the same, while the image will be at a distance 
of some feet. The apparent size will be measured by 
the angle A B, that is by the angle which the object 
subtends at a distance of \ of an inch; and to know 
what advantage we gain by the use of the microscope, we 
must compare this angle with the angle which the object 
would subtend at 6 inches, if 6 inches is the nearest 
distance at which we can see a thing distinctly with the 
naked eye; the magnifying power would then be 24. 
The nearest distance of distinct vision is very different 
for different people; and the magnifying power of a 
microscope is generally stated by comparison with a dis- 
tance of 10 inches, so that a simple microscope with a 
focal length of \ inch would be said to have a magnifying 
power of 40. 

231. The compound microscope resembles a telescope 
in having two lenses; but the object lens, or objective, as 
it is called in a microscope, is small and of short focal 
length, and the image which it forms is not formed at 
the principal focus, but much further off. The eye-piece 
is much the same as in a telescope, and serves the same 
purpose — that of making the image look larger than it 
would if we viewed it without any eye-piece. 



In fig. 128, If is the object lens, //its two principal 
foci, A B the object, A, B 1 the first image, L L' the eye- 
lens, F and F' its principal foci, and A' B' the second 
image, which is what the 
observer sees. In all 
compound microscopes, 
the distance between the 
object and the object lens 
can be altered at plea- 
sure, and this is what is 
done in "focussing." In 
many instruments, the 
distance between the eye- 
piece and the objective 
can also be altered, by 
drawing out or pushing 
in the tube which con- 
tains the former. As we 
increase this distance, we 
find it necessary to di- 
minish the other very 
slightly, so as to bring 
the object nearer to the 
principal focus /; this 
throws the first image A, B, further up, and thus restores 
it to the proper distance from the eye-lens. 

232. A compound microscope is always furnished 
with a mirror, (usually concave,) to illuminate the object 
by reflecting the light of a lamp or of a window upon 
it from beneath. This mirror is used for transparent 
objects, and most of the objects examined by microscopes 
are so thin as to be transparent. Without such illumi- 
nation, the field of view would be very dark, and the 
objects could scarcely be seen. Opaque objects are 
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illuminated by throwing the image of a flame or of a 
window upon their upper surfaces with a convex lens. 
This cannot be done when the object is nearly touching 
the objective, and hence high powers cannot be used for 
opaque objects. 

A similar loss of light when high magnifying powers 
are employed occurs in the telescope, except when the 
object-glass or speculum is very large. The highest 
power that can be employed without beginning to lose 
light, is that which we get by dividing the diameter of 
the object-glass by the diameter of the pupil of the eye. 
For instance, if the pupil of the eye has a diameter of a 
fifth of an inch, and the object-glass of the telescope a 
diameter of 2 inches, the loss of light will begin when 
the magnifying power is 10. Powers below 10 will all 
show the image equally bright, but powers above 10 will 
show it less bright, just in proportion to the apparent 
area of the image. 



Chapter XIX.— PKISMATIC ANALYSIS. COLOUR 

VELOCITY OF LIGHT. 

233. The Spectrum. — The easiest way to see ordinary 
light separated into its component colours is to look 
through a prism at a small hole or narrow slit with 
bright light shining through it. A slit is better than a 
hole, and the prism must be held with its edge parallel 
to the slit It should be not less than a foot from the 
slit; and if the slit is large, (for instance, if it is the open- 
ing between two shutters which are nearly closed,) the 
observer should take his prism to the opposite side of 
the room, so as to make the distance as great as pos- 
sible. 
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When the sun is shining, the colours can be very well 
seen by letting the sun shine through the prism, and 
throwing the emergent beam on a white wall or large 
sheet of paper, at a distance of some yards from the 
prism. We obtain, in either of these ways, a beautiful 
array of colours gradually shading into each other. Red 
is at one end, beginning with a deep crimson almost too 
dark to be seen, and gradually passing into a bright 
scarlet. This gradually changes into orange, and this 
into yellow, which forms the brightest portion of the 
spectrum. We have then a yellowish green, a full green, 
and a bluish green, a greenish blue, a sky blue, then a. 
deep blue (called by Newton indigo), a violet blue, and 
finally, in favourable circumstances, a violet, which fades- 
away very gradually, covering a considerable space with 
feeble luminosity. In unfavourable circumstances the 
violet is scarcely or not at all visible. This series of 
colours is called the spectrum. If, instead of using the 
light of the sky or of the sun, we use a gas flame, an oil- 
lamp, or a candle, we get the same order of colours; but 
on careful comparison we shall find that blue and violet 
are less conspicuous than in the spectrum of sky light 

234. In these experiments the prism does not add 
anything to the light which falls upon it, but merely 
separates the dissimilar parts of this light by refracting 
(that is bending) some more than others. The red light 
is the least bent, the violet the most 

If, after the rays have emerged from the prism, we 
make them pass through a second prism turned the op- 
posite way, as in fig. 129, the separated parts will recom- 
bine and give white light 

It seems difficult to believe that the rays which pro- 
duce these splendid colours are all present in the colour- 
less light which comes to us from the sky; and the fact 



that they aro may teach us that there is a great deal 
more in nature than at first appears. 

235. Experiments have frequently been made on the 
mixing of various colours of the spectrum together, and 
it is thus found that white light can be made by a great 
many different mixtures, either of two colours or three 




or more. It can be made by mixing orange with sky 
blue, or red with bluish green, or yellow with violet blue, 
or green with pink. When two colours are such as to 
produce white by their mixture, they are called comple- 
mentary; and every colour in nature has its comple- 
mentary. 

296. White is not the only colour that can be obtained 
by various mixtures; the same is true of nearly all the 
colours in nature; nearly every colour can be exactly 
imitated by a mixture of others, and there is often a good 
deal of latitude in choosing them. There are only three 
colours that cannot be imitated by mixtures; two of these 
are the extreme colours of the spectrum, crimson and 
violet, and the third is a particular shade of green — & 
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deep olive green. By mixtures of these three colours it 
is possible to imitate all others; hence these three are 
called the three primary colours, 

237. One way of mixing colours of the spectrum is to 
throw two spectra one across the other, and observe 
what colours are produced by their overlapping. Another 
way of mixing colours is to paint them in separate sectors 
on a disc, and then make the disc revolve rapidly on its 
axis. These two methods of observation are found to 
agree; and it is to be noted that they show the result 
of mixing two sorts of coloured light, not the result of 
mixing two coloured liquids or powders, nor the result 
of looking through two pieces of coloured glass placed 
one behind the other. If we take the common red and 
green window glass, and make them overlap, they pro- 
duce black; — nearly all the light is stopped, and some- 
thing of the same kind occurs when we mix red paint 
with green paint If we analyse by means of the prism 
the light which comes through these glasses separately, 
we find that the light which comes through the green 
glass contains hardly any red, and the light which comes 
through the red glass contains hardly anything except 
red; thus there is hardly any light in the spectrum that 
is able to get through both. 

A coloured glass does not add anything to the light 
which falls upon it, it merely stops part and transmits 
the rest In like manner a coloured flower or a green 
leaf merely sends to the eye a portion of the light which 
falls upon it, and absorbs the rest. 

238. The beautiful diversity that we see in colours 
depends mainly upon the structure of the nerves of vision, 
rather than upon anything external As far as light 
itself is concerned, there is only a difference in degree — 
a more rapid vibration as distinguished from a less rapid, 
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the rays of most rapid vibration being the most re- 
frangible. The vibrations are nearly twice as rapid for 
violet as for red, and there are other vibrations which 
are faster than the violet and slower than the red, but 
these do not affect our sense of vision. The presence of 
radiant heat from the sun can be detected not only in the 
visible part of the solar spectrum, but to a great distance 
beyond the red end ; indeed there is more heat just be- 
yond the red than anywhere else. On the other hand, 
photographic effects, and the peculiar luminous effect 
called fluorescence, are detected far beyond the violet end 
of the spectrum. 

Another fact showing the dependence of colour upon 
internal causes is the appearance of complementary colour 
as an effect of contrast When we have had our eyes 
fixed upon a brightly-coloured window, and then turn 
them to a white wall, we see a likeness of the window 
painted on the wall with every colour changed into its 
complementary. The sensation of white seems to result 
from a peculiar balancing of three nervous actions, and 
when this balance is disturbed we see colour. 

239. Instruments called spectroscopes have been intro- 
duced of late years, which contain in small space all that 
is necessary for seeing a spectrum; and in most of them 
the analysis of the light which comes through the slit is 
more complete than we could obtain by merely using a 
prism and slit 

They have been applied to analyse not only the light 
which comes direct from the sun, and ordinary daylight 
(which is found to be just the same), but every kind of 
bright light; and it is found that the different metals can 
be distinguished by the spectra which they give when 
they are vaporized by the high temperature of the electric 
spark. These spectra usually consist of one or more 
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bright lines — that is, bright and sharp images of the slit, 
and it is remarkable that in the solar spectrum we find 
black lines in the exact places of most of these bright 
ones. It is further found by experiment that a substance 
which gives bright lines when tested in one way can 
be made to give black lines in the same places when 
tested in another way. The presence of several known 
substances in the sun is thus conclusively established. 

240. Velocity of Light. — Light travels with enormous 
velocity, about 186,000 miles in a second of time. This 
has been ascertained in the following ways : — 

First, from observations of the times at which the 
satellites of the planet Jupiter are seen to be eclipsed. 
Jupiter is at very different distances from us at different 
times; and it is found that the smaller this distance is, 
the earlier does the eclipse seem to occur. We always 
see it later than the actual time of its occurrence, because 
the light by which we see it takes time to travel to us; 
and the further the light has to travel the later will it 
reach us. 

If we regard the orbits of the earth and Jupiter as two 
concentric circles, the nearest distance will be attained 
at intervals of rather more than a year; since both go 
round the same way, but the earth goes much faster than 
Jupiter. The interval between the attainment of the 
least and the greatest distance will be rather more than 
half a year. The least distance will be the difference of 
the radii of the two orbits, and the greatest distance 
will be the sum of the radii. The difference between 
the greatest and least distance is therefore the diameter 
of the earth's orbit; and observation shows that the eclipses 
are seen about 16 minutes later at the greatest distance 
than at the least Light therefore takes 16 minutes to 
travel a distance equal to the diameter of the earth's 
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orbit, or takes 8 minutes to travel from the sun to the 
earth. Hence if we know the sun's distance we can 
calculate the velocity. The earliest computation of the 
velocity of light was made in this way by Romer. Fig. 
130 will assist the reader to realize the circumstances. 
J J' y are three positions of Jupiter, and of the cone of 
shadow which a satellite must enter in order to become 
eclipsed; TTT are the three corresponding positions 
of the earth. T J' is a minimum distance, and T J, T" J" 
are maximum distances. 

241. The second mode of ascertaining the velocity is 
perhaps not quite so easy to understand. When rain-drops 
are descending vertically, they seem to a person who is 
travelling rapidly forward to be coming from in front of 
him ; and in whatever direction rain is falling, the mere fact 
of a person moving rapidly in any direction will make the 
rain come more in his face than if he were stationary. 
The same thing is found to occur in the case of the light 
from the stars. An observer on the earth is carried rapidly 
along by the earth's motion: and if he turns his face in the 
direction in which he is travelling, every star seems to be 
rather more in front of him than it really is. A star at the 
exact point of the heavens towards which he is moving 
will not be affected, neither will a star at the exact point 
from which he is moving, and stars near to either of 
these two opposite points will be very little affected. 
The stars most affected will be those which lie upon a 
great circle midway between these two points; for these 
stars are sending light at right angles to the direction of 
the observer's motion. These displacements of the stars 
were first observed by Bradley, who also suggested this 
explanation of them. The phenomenon itself is called 
aberration; but the word is rather ambiguous, being 
applied to some other optical phenomena as well, always 
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however with some adjective prefixed, as "chromatic 
aberration." 

The observed amount of aberration (which is very 
small, being only 20"'5 for the stars for which it is 
greatest), gives the mesne of comparing the velocity of 
light with that of the earth in its orbit, and shows it to 
be about ten thousand times as great. The velocity of 
the earth in its orbit is known if the size of the orbit is 
known, and this depends on knowing the sun's distance. 

These two methods of computing the velocity of 
light agree well, and they both alike depend upon know- 
ing the sun's distance. 

348. Of late years ingenious methods have been 
devised for measuring the velocity of light without any 
reference to astronomy, and have given results which are 
considered more certain and exact than the astronomical 



In Fizeau's method, a rapidly revolving wheel with 
square teeth is employed (see fig. 131). Each tooth, as 
it passes, intercepts the light from 
a powerful source on its way to a 

distant mirror which reflects it 

directly back. If, when the light 

thus reflected has returned to the 

revolving wheel, it finds one of the 

teeth in its path, it is stopped and 

extinguished; if, on the contrary, 

it finds a space (between two teeth) 

in its path, it passes through and Pi( , lsi 

reaches the observer's eye. It will 

meet with a space if the distance turned by the wheel in 

the time of going and returning is equal to one tooth and 

space, or to any exact multiple of this distance. In the 

experiments recently executed on this plan by Cornu, the 
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wheel was made to revolve at various measured speeds 
up to that which caused 21 teeth and spaces to pass; 
and the distance between the wheel and the mirror was 
23 kilometres (a kilometre being about g of a mile). 

243. Fig. 132 will give an idea of the apparatus em- 
ployed. B is the toothed wheel, M is a sheet of glass 
fixed at an angle of 45° to the plane of the wheel. The 
light of an electric lamp shining in through a lateral 




tube containing two lenses falls upon the sheet of glass, 
and is reflected by it in the direction of the distant 
station; the arrangements being such that an image of 
the lamp-flame is formed precisely in the plane of the 
wheel, and coinciding (as the wheel revolves) alternately 
with a tooth and a space. This image is in the principal 
focus of a large convex lens, which receives the rays 
from the image, and sends them in parallel pencils 
to the distant station, where they pass through another 
large convex lens and form another image at its principal 
focus. A plane mirror, exactly coinciding with this 
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image, reflects them back by the same path by which 
they came; and if there is no tooth in the way, they 
pass through the glass sheet M, and enter the eye of the 
observer through the eye-piece of the telescope. 

It is of course to be understood that the light which 
completes the path thus indicated is only a small part 
of the original light. A large portion goes astray in the 
passage from one station to the other; and other por- 
tions are lost by imperfect reflection and imperfect 
transmission. 

244. In Foucault's method, it was not necessary nor 
desirable to employ such long distances for the light to 
travel The details of the arrangements are rather too 
intricate to be here explained, but the following is the 
fundamental principle. 

Suppose a ray of light H A from a small hole H, fig. 
133, to fall upon a mirror A, 
and to be reflected from it 
to a second mirror B, which 
directly faces the first and 
so sends the ray straight a) 
back agaia It will then be v «*»«<»■««** Method, 
reflected back by the first mirror to the hole H from 
which it came. 

Suppose, however, that while the light is on its way 
from the first mirror to the second and back again, the 
first mirror is turned through a small angle. It will then 
not reflect the returning ray to the hole, but a little to 
one side of it. By observing how far to one side it falls, 
we can tell what angle the mirror has been turned 
through. In the experiment, the first mirror A is kept 
steadily revolving with extreme rapidity, and therefore 
changes its position a little during the time that light 
takes to go from it to the second mirror and back. 
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Chapter XX.— NATUKE AND VELOCITY 

OF SOUND. 

245. Every one must have observed that sound travels 
slower than light; we often see a blow struck, and do 
not hear it till a sensible time has elapsed. The best 
measurements of its velocity have been made by firing a 
cannon at night, and observing, from a station several 
miles distant, the interval between seeing the flash and 
hearing the report. . It is best to choose a time when 
there is no wind, for sound travels faster with the wind 
than against it; in the one case the velocity of the wind 
is added to the true velocity of sound, and in the other 
case it is subtracted. 

The temperature of the air makes a difference; sound 
travels fastest when the air is warmest; but the baro- 
metric pressure makes no difference. At 10° C, or 50° 
F., which is the mean temperature of the air at London, 
the velocity of sound is about 1110 feet per second; at 
0° C. (32° F.) it is 1090; the difference being thus about 
2 feet per second for each degree Centigrade. 

246. Sound can be propagated through other media 
as well as air, and the velocity varies with the medium. 

A very careful measurement of its velocity in water 
was once made at the Lake of Geneva, by the method 
represented in figs. 134, 135. Two observers were 
stationed in boats at opposite sides of the lake, at a part 
where it was 9 miles wide. One of them had an appa- 



ratus which enabled him, by a single movement of a 
lever, to do two things, namely, put a match to some 
gunpowder, and strike a bell, the bell being completely 
immersed in the water. The other observer was pro- 



vided with a hearing-trumpet, which he held to his ear, 
while the mouth of the trumpet, which was covered 
with a very thin sheet of metal, was immersed in water 
and directed towards the source of sound. The bell 
(which was a very large one) was well heard, and the 
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velocity of sound through the water was found to be 
about i\ times as great as the velocity in air. 

247. Sound can also be propagated through solids. A 
person applying his ear to one end of a long desk or of a 




5 of wood will easily hear a scratch of a pin at the other 
end. The bones of the skull transmit sound very readily, 
and a person whose ears are stopped can hear a vibrating 
tuning-fork held on his forehead. Substances which 
rapidly spring back when bent, such as steel, glass, and 
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wood, transmit sound readily. Such materials as felt, 
wood-ashes, and rotten wood oppose a great obstacle to its 
transmission, because they are very inelastic and rapidly 
extinguish vibrations. 

Heat and light can be radiated through empty space, 
as we see in the case of the sun's rays, which come through 
ninety million miles of the best vacuum that we know 
of; but sound cannot. It requires a material medium for 
its transmission, and a bell hung by a string of loose tex- 
ture in the middle of the receiver of an air-pump can ring 
without being heard outside. 

248. All sound consists of vibration; and the propaga- 
tion of sound from a body which emits it is something 
like the spreading out of circular waves from a centre 
when a stone is thrown into water. There must be a 
material medium to vibrate, but it does not travel on- 
wards with the waves. Each wave as it continues on its 
course is continually taking to itself new particles of the 
liquid and leaving behind those of which it formerly con- 
sisted. This is true of wave-motion in general. If we 
watch the ripples which the wind makes on a canal or a 
pond, we see that leaves and sticks floating on the sur- 
face are not carried on with the waves — each wave lifts 
them, drops them, and leaves them behind — showing 
that the surface of the water is not carried on with 
the waves. A still more obvious instance of the same 
truth is furnished by the waves which the wind makes 
in passing over a corn-field, or a field of long grass. 
Though each individual wave can be traced all across 
the field, the individual ears or blades merely bow them- 
selves and rise again, remaining all the time rooted to 
the ground. 

That which travels onwards in wave-motion is not 
matter, but a form or condition, which successively comes 
18 
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upon different portions of the medium, taking them in 
order as they lie in its course. 

249. We shall often have to speak of waves of sound, 
and there are also such things as waves of light and 
radiant heat. But it must not be supposed that they are 
exactly like waves of water. In water-waves the surface 
of the water rises and falls, so that we have changes of 
level; in the propagation of sound-waves we have changes 
of density. The forces of gravity are continually tending 
to reduce the disturbed surface of the water to a uniform 
level, and the forces of elasticity are continually tending 
to reduce the disturbed air to uniform density. Again, 
water-waves only spread horizontally, and a disturbance 
originating at one point spreads out in circular waves; 
whereas, a sonorous disturbance produced in the midst of 
a large body of air spreads out not only horizontally, but 
upwards, downwards, and in all directions in spherical 
waves. Each successive spherical shell of air gets a 
squeeze, then a relief, then another squeeze, then another 
relief, and so on; and as the action is symmetrical all 
round the centre, there is nothing to make the particles 
move in any direction except directly towards and away 
from the centre. The particles of air which convey sound 
swing backwards and forwards in the line along which 
the sound travels, moving alternately with and against 
the sound. Each particle thus vibrates in a straight line. 

250. We have stated that each small portion of air 
gets alternately a squeeze and a relief. The squeeze 
makes it denser tlfen it was originally, and when the 
relief comes it swells out and becomes rarer than it was 
originally. At any given moment there are dense and 
rare places alternately along any line of propagation, just 
as there are high and low places alternately along a line 
of propagation on the surface of water-waves. 
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There is a curious connection between the changes of 
density and the backward and forward swings. 

As long as a particle is denser than ordinary, its motion 
is forward, and its velocity is exactly proportional to its 
excess of density; on the other hand, during the time 
that its density is less than ordinary, its motion is back- 
ward, and its velocity proportional to its defect of density. 
If we know what the changes of density are, we can com- 
pare the velocities of the particles with the velocity of 
sound; for instance, when the density of a particle differs 
from the ordinary density by one part in a thousand, the 
particle is moving with a velocity which is one thousandth 
of the velocity of sound. These results of mathematical 
reasoning we must ask our readers to take upon trust. 

251. We have now to state a property of wave- 
motion, which is almost self-evident, but it will first be 
necessary to explain the terms wave-length and period. 

Let us suppose that the waves are quite regular; then 
everything happens over and over again at equal inter- 
vals of time. The length of one of these equal intervals 
of time is called the period. Whatever the particles are 
doing at one instant, they are doing exactly the same a 
period later. 

Again, at a given instant, a number of different par- 
ticles are doing the same thing. Particles which lie on the 
same spherical surface described about the source, and 
are all doing the same thing at the same time, are said to 
be on the same wave-front. There are a number of wave- 
fronts, at different distances from the source, that are all 
in the same condition at a given moment; and the dis- 
tance between one of them and the next is called the 
wave-length. If we are dealing with waves on the surface 
of water, the wave-length is the distance between two suc- 
cessive crests. The property we have to state is, that the 
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waves advance in one period through a distance of one wave- 
length; for example, if we think of waves on water, it is 
obvious that when a particle is in its highest position it 
is at the crest of one of the waves, and that it will be in 
its highest position again when the crest of the next wave 
reaches it. This property of wave-motion enables us to 
calculate the velocity of propagation if we know the wave- 
length and the period. It will be calculated by dividing 
the wave-length by the period; for velocity is always reck- 
oned by dividing the distance traversed by the time occu- 
pied. Or again, if the velocity of propagation and the 
period are known, we can calculate the wave-length by 
multiplying them together; for instance, taking the velo- 
city of sound as 1100 feet per second, if the period is 
yJ^ of a second the wave-length will be 11 feet, and if 
the period is Il 1 00 of a second the wave-length will be 
1 foot. When the velocity of propagation is the same for 
long as for short waves (which is the case for sound), the 
wave-length is directly as the period. 

Since a period is the time in which a particle makes 
one complete vibration, the number of vibrations in a 
second is the number of periods in a second ; for example, 
if the period is yj^ of a second, the number of vibrations 
in a second is 100. 

252. As regards the loudness of a sound at different 
distances from the source; when the sound is produced 
in an open space, and can spread downwards, upwards, 
and in all directions, the law is the same as for light or 
radiant heat under the same circumstances — that is to 
say, the loudness will be inversely as the square of the 
distance from the source; so that if we double the dis- 
tance, the source will need to be strengthened fourfold to 
keep up the same loudness. The reason of this law is 
found in the fact that the areas of spherical surfaces are 
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as the squares of their radii. When a sound has ad- 
vanced through double distance from the source, it has 
spread over a spherical surface of fourfold area, and has 
been proportionally weakened. 

In the propagation of sound through a tube, this spread- 
ing out into spheres is prevented, and sounds accordingly 
remain audible at very great distances. Hence the effi- 
cacy of speaking-tubes. In experiments with empty sewer- 
pipes at Paris, it was found that the report of a pistol 
could be heard at distances varying from 700 yards to 
6£ miles according to the diameter of the sewer, the 
distance increasing with the diameter. 

The velocity and wave-length are the same in propa- 
gation through a tube as in open space. 



Chapter XXI.— MUSICAL SOUNDS. GAMUT. 

253. The difference between musical sound and mere 
noise is that the waves of musical sound are much more 
regular than other sound-waves. A great many successive 
waves are exactly alike, and when changes, occur they 
occur very gradually. 

We may have either simple or compound musical 
sounds. The sound emitted by a tuning-fork is about 
the simplest we can have. The sounds emitted by a 
violin, on the other hand, are highly compound; that is 
to say, though only one string is sounding, it is giving 
several notes at once. The notes of a piano are com- 
pound; when we strike one of the bass notes, we can hear, 
if we listen attentively, its upper octave as well, and 
another note a fifth higher than this; several still higher 
notes are sometimes present. Of course we can also pro- 
duce compound sounds by striking several notes at once. 
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254. Compound sounds have compound waves, and this 
subject requires some explanation. The waves of the sea 
are covered with smaller waves, which we call ripples, and 
which do not travel near so fast as the large waves. It is 
a rule for water-waves that the velocity depends upon the 
wave-length — the greater the wave-length the greater the 
velocity; but this is not the case with sound waves, their 
velocity is the same for all wave-lengths; hence sound-waves 
as they advance carry their ripples with them, instead of 
leavingthembehindandgettingnewonesaswater-wavesdo. 

In ordinary cases of compound sound-waves, the dif- 
ferent simple waves which are present combine their 
effects by simple addition and subtraction; so that the 
actual density at a point can be computed by adding all 
the excesses and subtracting all the defects of density 
due to the simple waves considered separately; and the 
velocity of a particle can in like manner be computed by 
adding and subtracting the forward and backward velo- 
cities due to the simple waves. 

255. There is a close resemblance between the move- 
ment of a particle in simple sound-waves and the move- 
ment of a pendulum. They both swing from side to side, 
moving quickest in the middle, and more and more slowly 
as they get near the turning points, where they are for 
an instant at rest. In fact the only difference is that the 
particle moves in a straight line, and the bob of the pen- 
dulum moves in a line which is slightly curved. 

256. Fig. 136 shows the kind of curve that is obtained 
by causing either a pendulum or a tuning-fork to write 
its own vibrations upon a sheet which travels uniformly 
in a direction at right angles to the line of vibration. 
There are no corners, and no straight lines, but a suc- 
cession of easy bends in opposite directions. At b the 
pendulum is at one extremity of its swing, at d it is at 
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the opposite extremity, and at a, c, and e it is at the middle 
point To make a tuning-fork trace a curve like this, we 
fix its handle in a firm stand, and attach a light thin piece 
of brass pointed at 
the end to one of 
its prongs to serve 

... . . JftfiP* 138. 

as a writing point 

The stand contains an arrangement for letting a small 
sheet of glass slide down in grooves by its own weight, 
at such a distance from the fork that the writing point 
barely touches the glass. We smoke one side of the glass, 
And after setting the fork in strong vibration allow the 
glass to slide down past it The tuning-fork will make a 
large number of vibrations during the short time that the 
glass takes to fall, and it will therefore trace a curve with 
a large number of bends, each double bend indicating one 
complete vibration. By mounting two tuning-forks in 
the same stand, we can make them both write on the 
same piece of glass, and can thus compare the numbers 
of vibrations that they make in the same tima 

257. Instead of a tuning-fork we may use a thin plate 
of steel T, fig. 137, firmly clamped at one end £, and 
having a writing point A fastened to its other end. The 
writing may be executed on a piece of smoked paper put 
round a cylinder which has a screw cut upon its axle V D, 
so that, as the handle is turned, the cylinder not only 
revolves but also travels endways; the writing may thus 
be made to form a continuous trace going round the 
cylinder in screw fashion from end to end. If only a 
short trace is required, the spring may be started by 
giving it a pull to one side and letting it go; but for 
long-continued vibration it is better to use a well-rosined 
fiddle-bow, applying it from time to time when the vibra- 
tions are becoming too feeble. 



268. Reflection. — All kinds of waves are capable of 
being reflected, and the direction of reflection follows the 
same law as in the case of light By setting up a pair of 
parabolic mirrora facing each other, as in fig. 138, wo can 
illustrate the identity of the law of reflection for light, 
radiant heat, and sound, in the following way. 

1. Put the flame of a lamp in the focus of one reflectory 




and its image will be thrown upon a piece of white card" 
held in the focus of the other. 

2. Put a red-hot iron ball in one focus; and it will ex- 
plode gun-cotton placed in the other focus. 

3. Hang a watch in one focus, as shown in the figure; 
and its ticking can be heard as if proceeding from a 
watch at the other focus, by holding one end of a tube 
there while the other end is at the ear. The reflectors 
may be about four times further apart than they are: 
shown in the figure. 
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259. Echo is a familiar instance of the reflection of 

sound; and the time that elapses between producing a 
sound and hearing its echo is the time that sound takes 
to travel from the source to the reflecting obstacle, and 
thence to the observer. 



200. Pitch. — When a violin, a flute, and a piano all 
sound the same note, the sounds that they produce are 
very different, yet agree exactly in one respect, namely, 
in pitch. Sounds of the same pitch are said to be in 
unison, so that unison means sameness of pitch. 

Pitch depends upon the rapidity or the vibrations, 
that is the number of vibrations that are made in a given 
time — say in one second. An ordinary C tuning-fork, 
such as singers use, makes about 512 complete vibrations 
in a second It compels the drum of the observer's ear, 
and every particle of the intervening air, to make this 
number of vibrations. 

A bass note makes fewer vibrations in a second than 
a treble note. A note that makes many vibrations in a 
second is called high, and one that makes few vibrations 
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in a second is called low. The ordinary human voice 
ranges from about 80 or 90 vibrations per second, in the 
lowest bass note, to 700 or 800 in the highest treble. 

261. Musical Intervals. — Musicians employ certain 
definite intervals or differences of pitch; and the chief test 
of a good musical ear is the power of judging these in- 
tervals with precision, both when the two notes are 
sounded together and when they are sounded separately. 

The first interval in order of importance is the octave. 
It is extremely easy to judge with precision, and in the 
tuning of pianos and organs all the octaves are made, 
exact. In this interval the upper note makes exactly 
twice as xnany vibrations as theWer one. 

The next in point of importance is the fifth It can be 
judged with almost as much precision as the octave, and 
gives an extremely smooth effect when the two notes are 
sounded together. The upper note makes half as many 
vibrations again as the lower one — in other words, the 
vibrations are as 2 to 3. Thus if we start from a note of 
600 vibrations per second, and rise a fifth, we obtain a 
note of 900 vibrations, and if instead of rising we fall a 
fifth, we obtain a note of 400 vibrations per second. To- 
rise a fifth is to multiply the vibrations by f , and to fall 
a fifth is to multiply them by f . 

262. When the vibrations are as 3 to 4 the interval is 
called the fourth; and if we first rise a fifth, and then a 
fourth, we rise an octave altogether; for we multiply the 
original number of vibrations, first by f , and then by £; 
we therefore on the whole multiply it by § x £, which is 
equal to 2. 

A musician would express this fact by saying' that a 
fifth and a fourth together make an octave. Adding two 
intervals means multiplying together the two fractions, 
which express them. 
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In tuning pianos and organs, the fifths and fourths 
are made very nearly but not quite exact; the fifths 
are made a very little too small, and the fourths just 
as much too great, but the inexactness is so very slight 
that hardly any one but a professional musician could 
detect it 

The interval expressed by the ratio of 4 to 5 is called 
the major third, and 5 to 6 is called the minor third, but 
tuners depart very widely from these exact ratios. 

The intervals expressed by the ratios of 8 to 9 and of 
9 to 10 are called respectively a major tone and a minor 
tone, and 15 to 16 is called a limma, but tuners depart 
altogether from these theoretical values. 

263. The origin of the above names will be understood 
from an inspection of the following scheme, which sets 
forth the relations existing between the eight notes of the 
theoretical octave, the word octave being used not only to 
denote the interval between the first and last (as we have 
used it above), but to denote the eight notes themselves 
as well The first (that is, the lowest) of the eight notes 
is called the key-note, and the last (or highest of the eight) 
is regarded as the key-note of another set of eight notes, 
the octaves of these. The scale thus repeats itself over 
and over again. 

We give in the first line the names of the eight notes 
in the tonic sol-fa system, in the second line the smallest 
whole numbers that will express the relative numbers of 
vibrations, in the third line the ratios of these numbers to 
the first. The fractions in this third line accordingly 
express the relation between each note of the scale and 
the key-note, and the names of the corresponding intervals 
are placed beneath them. The name fifth has been given 
to the interval f because it is the interval from the first 
note to the fifth note, and so on for the others, the name 



216 BOtfND. 

octave (which literally means eighth) being given to the 
interval from the first note to the eighth note. 

Do Re Mi Fa Sol La Si Do 
24 27 30 32 36 40 45 48 

1 9 6 4 8 5 15 O 

1 VIS?*?* 
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264. If we examine the intervals between the succes- 
sive notes of the scale, we obtain the following ratios. 
The second line gives them in lowest terms. 
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We thus see that there are only three different intervals 
between successive notes. The largest of them (expressed 
by |) is called the major tone, the next largest (y) the 
minor tone, and the smallest ( T -f) the limma. To com- 
pare this last with the others let us see what two of these 
limmas make. We have yf x tt = f If = 1 AV> which is 
between 1| and 1£. It is therefore greater than f, and, 
a fortiori, greater than y>. 

265. If the white keys of a piano or organ were tuned 
according to the above numbers, the music would be much 
better than at present for pieces in which no flats or 
sharps occur; but some other pieces of music would come 
out much worse than* at present Tuners adopt a con- 
venient compromise. They make the intervals which 
ought to be £ and y equal to each other as nearly as 
may be, and the interval which ought to be y4 they make 
the half of either of these. 
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As this system of tuning does not consist in simply 
following one's ear, but in judging exactly how far to 
depart from that which sounds best, it requires not only 
a good ear but practical experience. No tuner ever 
attempts to tune each note by comparison with the one 
next to it, for this would involve too difficult an exer- 
cise of judgment. The plan adopted is, first to tune the 
octaves of C, and then to step up and down from these 
by fifths and fourths. The reason is that fifths and 
fourths are made more nearly true than the other inter- 
vals. Twelve fifths on the piano make seven octaves, 
and twelve fourths five octaves, and it will be found, on 
making the calculation, that the twelfth power of f is 
nearly equal to the seventh power of 2, and the twelfth 
power of ^ to the fifth power of 2. 

266. In singing without instrumental accompaniment, 
it is not necessary to adopt any such compromise; for 
though a pianist has only twelve definite steps by which 
he can ascend an octave, a singer can make his steps of 
any length he pleases. A similar advantage is possessed 
by players on the violin, violincello, &c. Hence purer 
harmony is attainable by string-bands, and by choirs 
singing without accompaniment, than is possible in per- 
formances in which organs or pianos take part. 



Chapter XXII.— STRINGS. OVERTONES. PIPES. 

267. 1 Vibrations of Strings. — A tightly -stretched 
string may be excited to vibration either by plucking it, 
as in the harp, or striking it, as in the piano, or rubbing 
it with a rosined bow, as in the violin. If the string were 
attached at both ends to firm and massive supports, hardly 
any sound would be given. The string itself is so thin 

19 
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that it cuts through the air instead of pushing it, and in 
order to produce strong vibrations of the air it must be 
aided by a sounding-board, that is, by a board sufficiently 
thin to be easily agitated by the action of the string, 
and having a surface of considerable extent by which it 
can act upon the air. In the piano, the sounding-board is 
a large flat board, to one side of which a piece called the 
bridge is fastened. The strings pass over this bridge and 
press it strongly against the board; and when a string is 
vibrating, this pressure is alternately increased and dimin- 
ished. In the violin there is also a bridge, answering the 
same purpose, and the body of the violin plays the part 
of the sounding-board. 

268. The pitch of the note given by a string depends 
partly on its tightness; — as we tighten it the vibrations 
are quickened, and the pitch rises. It also depends on 
the length of the string. A violin player, by pressing 
down a string with his finger, shortens the vibrating por- 
tion, and produces a higher note than that of the open 
string. 

The number of vibrations in a second is inversely as 
the length, and directly as the square root of the tension. 
Thus we can double the number of vibrations either by 
halving the length or by quadrupling the tension. 

Comparing a thick string with a thin one, or comparing 
two strings of different materials, the rule is, that if their 
lengths are the same, the stretching forces which will 
make them yield the same note are directly a& their 
masses — in other words, directly as their weights. 

269. Thus far we have been speaking of the funda- 
mental note of a string. This is the note which it gives 
when simply plucked with the finger, and which it usually 
gives when rubbed with a bow. But by dexterous man- 
agement we can make a string give a series of higher 
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tones called overtones. If we touch it lightly at the exact 
centre of its length, and how one half of it, it will give the 
octave of the fundamental tone — that is, it will vibrate 
twice as fast In like manner, by touching it at one- 
third, one-fourth, or one-fifth of its length from one end, 
we can make it vibrate three, four, or five times as fast as 
when giving the fundamental tone. In all these cases the 




string is able to keep up the note, when we cease touching 
it and leave it to itself. The experiment is represented 
in fig. 139, which also shows the nature of the vibrations 
produced. The string here divides itself into three equal 
portions, each vibrating as if it were fixed at the ends; and 
the note emitted is the fundamental note of a string whose 
length is equal to one of these portions. The points of 
junction between one of these portions and the next are 
called nodes, and are at rest or very nearly at rest A 
paper rider laid on a node will keep its place, while those 
placed on any other part will be thrown off, as shown in 
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the figure. Fig. 140 will assist in giving a correct idea of 
the motion of a string when giving an overtone. The con- 
tinuous line represents one extreme position of the string, 

and the dotted line the 

***? -^J^— ^» other extreme position. 

Fig.m>. It is easy, by this 

mode of operating, to 
make a string yield as many as ten different notes. Their 
pitches are shown in the following list 

Relative Number Musical 

of Vibrations. Designation. 

First or fundamental. ... 1 Doj 

Second tone 2 Do* 

Third tone 3 Soli 

Fourth tone 4 Do* 

Fifth tone. 6 Mi, 

Sixth tone 6 Sol, 

Seventh tone 7 not exact 

Eighthtone 8 Do* 

Ninth tone... 9 Be* 

Tenth tone 10 Mi* 

The small figures written underneath the names in the 
last column are to distinguish notes of the same name 
lying in different octaves. 

270. Wind-instruments. — In whistles, flutes, fifes, 
and the majority of organ pipes, the vibrating body 
which produces the sound is the column of air contained 
in the interior. Some kind of mouth-piece is required 
to make the pipe speak; but this has hardly any influ- 
ence on the pitch; the pitch depends on the length and 
to a small extent on the width of the column of air which 
the pipe incloses. Some pipes are open at the end remote 
from the mouthpiece, and others are closed; the former 
are called open pipes and the latter stopped pipes. An open 
pipe gives about twice as many vibrations in a second as a 
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stopped pipe of the same length; hence, by closing the end 

of an open pipe, we make its pitch fall by about an octave. 

Weareherespeakingof the fundamental tones in both cases. 
271 . It is generally possible, by blowing more strongly, 
to make the pipes give overtones. 
The overtones of an open pipe 
follow approximately the same law 
as those of a string (see 
art 269), but there is a 
sensible departure from 
exactness, the overtones 
being flatter than the 
simple numerical law of 
art. 269 would make 
them. This is especially 
the case when the pipes 
are broad in proportion a 
to their length, as in 
fig. 141. 

Very narrow pipes like 
those shown in fig. 142 
give overtones in close 
accordance with the simpl e 
law, and give them more 
readily than the funda- 
mental tone itself. These I 
narrow pipes are very bu* 
interesting for acoustic n°^i of 
experiments, but they 

are not sufficiently under control to be used in organs. 
The overtones of stopped pipes follow a different law; 

their vibrations are approximately 3, 5, 7, 9, &c. times 

as rapid as those of the fundamental, all the even multiples 

being absent 
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272. If we stretch a piece of tissue-paper over a light 
wooden or cardboard ring, so as to make it like one end 
of a drum, and then let it down into a pipe like that 
shown in fig. 141, by means of threads attached to the 
ring, in such a manner that the stretched paper is hori- 
zontal (the pipe being vertical), we shall find that, when 
the pipe is sounded, the effect upon the paper membrane 
is different in different parts of the pipe. A loud rust- 
ling is heard when the membrane is near the top of the 
pipe. As it is let further down, the rustling becomes 
less loud, and ceases altogether when the membrane is 
at one particular place, which is just below the middle of 
the pipe. When it is lowered further the rustling begins 
again. The place where there is no rustling is a node or 
place of rest; the air approaches it from both ends, and 
then recedes from it towards both ends, thus giving it 
alternately a squeeze and an expansion. When the 
membrane is at the node, it is subjected to these squeezes, 
but being pressed alike on both sides it retains its posi- 
tion unmoved. When the pipe is giving its first over- 
tone (which has twice as many vibrations as the funda- 
mental), we shall find, by the same test, that there are 
two nodes, one of them about one-quarter and the other 
about three-quarters of the way down. The particular 
overtone that is produced by blowing a pipe depends 
upon the number of nodes that are formed. In a stopped 
pipe sounding its fundamental tone, there is no node 
except at the' stopped end itself. For its first overtone, 
there is a node at about one-third of its length from the 
end where the wind enters. 

273. Flute Pipes. — In the pipes which we have thus 
far discussed, the mouth-piece through which the wind 
enters resembles that of a common whistle. The wind 
passes through a long narrow orifice, opposite to which 
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is the edge of a wedge (fig. Ul). The sheet of air 
which issues from the orifice grazes the ^^BSSt 
wedge, and passes on outside the pipe, wav- jy 
ing backwards and forwards in accordance '" I- U' 
with the vibrations of the body of air within j 
the pipe. In blowing a flute, the wind is, in I' V 
like manner, directed by the lips of the per- 
former against a sharp edge, which answers 
the same purpose as the wedge in these pipes. 

274. Reed Pipea— There is another class 
of wind-instruments, in which the mouth- 
piece contains a spring, which in one position 
opens a passage for the wind, and in another 
position closes it. Instruments with this 
kind of mouth-piece are called reed instru- 
ments. The harmonium, the concertina, and 
the reed-pipes of organs, belong to this class. 
Toy trumpets furnish a more familiar ex- 
ample. Figs. 143, 144, represent two reed 
organ-pipes, with some of the interior parts 
exhibited separately. 

27fi. To begin with fig. 143, which repre- 
sents a reed pipe taken to pieces; I is the 
spring, which is a thin, flat strip of steel, 
slightly curved, so that it may leave a chink 
open at the lower end when pressed close 
home in the middle by the regulating wire z, 
which is used for tuning, r is a metal tube, 
closed at the lower end, but with a wide 
opening on one side, through which the air 
would pass if the spring were removed. If fh.uj.-hwi 
the spring were pressed down for its whole 
length, so as completely to close this opening, air could 
not pass through the pipe at all When wind from the 



bellows enters the pipe through the round tube at the 
bottom, it first escapes through the chink at the bottom 
of the spring; but while so doing, it blows the spring 
against the tube and closes the passage. The spring 
then recoils, is again blown to, and so on. 

These alternations give rise to 
vibration of the whole body of air 
within the pipe, and the number of 
vibrations made by this body of air 
is the same as the number made by 
the spring. The rapidity of vibra- 
tion depends mainly upon the length 
and flexibility of the free portion of 
the string; and if the regulating 
wire a is pushed further down, so 
as to shorten the free portion of the 
spring, the vibrations will be quick- 
ened. But the spring is to some 
extent controlled in its movements 
by the body of air which it has to 
keep in vibration, and does not vi- 
brate with exactly the same rapidity 
as it would in the open air. The 
pitch of the note actually produced 
accordingly depends, partly on the 
spring, and partly on the size and 
shape of the pipe. It is also found to depend very 
much on the strength of the blast, the pitch rising as we 
blow more strongly. 

276. Fig. IH consists of three parts, one representing 
a complete pipe; another on a larger scale showing the 
upper part, which can be lifted out of the lower; and the 
third, on a still larger scale, the spring and its setting. The 
Bpring here is a thin strip of steel as before, but it is rather 
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smaller than the opening over which it is fixed; and when 
set in vibration by blowing the pipe, it passes through the 
opening, first in one direction and then in the opposite. 
A spring thus arranged is called a free reed, whereas the 
arrangement previously described is called a striking reed. 
The pitch of a pipe fitted with a free reed is not much 
affected by varying the strength of the blast. Free 
reeds are used in the harmonium and concertina; striking 
reeds are used for the trumpet stop in organs. The 
clarinet, oboe, and bassoon are reed-instruments; the 
passage for the wind from the performer's mouth into 
the instrument being alternately opened and closed by 
the -vibration of thin pieces of ivory. In brass instru- 
ments, the lips of the performer vibrate and play the 
part of a reed. 



Chapter XXIII. 



EESONANCE. VOICE AND HEARING. BEATS. 
SIEEN. CHLADNI'S FIGUKES. PHONOGKAPH. 

277. Resonance of a Column of Air. — The column of 
air contained in an organ-pipe, or in any tube of similar 
shape, has certain notes proper to it If one of these 
notes is produced by an external source within hearing- 
distance of the pipe, the air in the pipe is set in much 
stronger vibration by it than by a note of different pitch; 
and if the external source of the note be suddenly stopped, 
the pipe keeps up the sound on its own account for a 
sensible time. 

We can understand how this is by the analogy of a 
heavy weight hung by a long string, — say ten feet long. If 
we give it a push that sends it an inch in one direction 
from the position in which it has been hanging at rest, it 
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will come back and swing nearly as far to the other side. 
If, when it again returns to the lowest point, we give it 
a second push just like the first, it will go further than 
it did the first time; and by continually repeating this 
operation we can make the weight swing through an arc 
of several feet. This result depends upon the interval 
between the pushes being the same as the natural period 
of vibration of the suspended weight The push must 
always be delivered so as to help the pendulum on its 
way and not to oppose it; and if we were to make the 
pushes quicker or slower in such a ratio as 2 to 3, or 3 to 
4, or 4 to 5, some of the pushes would help it on its way 
and others would oppose it. The same thing is true for 
any vibrating body. If we give it a series of pushes or 
pulls exactly in time with the period in which it can go 
on vibrating of itself, the effects will accumulate, and the 
continual repetition of feeble impulses will produce large 
vibrations. When the vibrating body which is thus 
affected is a confined body of air, the effect is called 
resonance, and the body of air is said to respond to the ex- 
ternal source which thus acts upon it 

If a vibrating tuning-fork is held to either of the two 
openings of an organ-pipe which has the same note as 
the fork, the pipe will respond with sufficient loud- 
ness to be heard all over a large room; or instead of an 
organ -pipe a flute may be used, the fork being held 
either to the hole for blowing or the open end, while the 
flute is fingered as if for producing the note of the fork 
in the .ordinary way. The note of the tuning-fork in 
these experiments may be either the fundamental tone of 
the pipe or any one of the overtones. 

278. Helmholtz's Resonators. — Eesonance is rendered 
more audible to a single listener by means of the reso- 
nance globes or resonators contrived by Helmholtz, one of 
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which is shown in fig. 145. There is a large opening at 
one end, and a small opening at the other. Each reso- 
nator responds to one particular fundamental tone, which 
depends upon its size. The resonance can be exhibited to 
an audience in the 
same way as the reson- 
ance of a pipe, that is 
by holding a vibrating 
tuning-fork of the 
proper pitch to the 
large end; but even ■ 
when the tuning-fork 
is several yards dis- 
tant, the resonance of 
the globe can be heard 
by a person who puts 
the small end of the resonator into his ear, while he 
directs the large end towards the distant fork. 

279. These resonators are much used for showing the 
compound nature of most musical, sounds; for example, 
of the notes of the human voice. They are generally 
made in sets of 10, the note of the largest being G in the 
second space of the bass clef, or more accurately C of 
128 vibrations per second. This we will call resonator 
No. 1. Resonator No. 2 has just half the dimensions of 
No. 1, and its note has twice as many vibrations. No. 3 
responds to a note of three times as many vibrationals 
No. 1; and so on. When C of 128 vibrations is sung, 
not only No. 1 resonator responds to it, but also most of 
the others; showing that the sound given forth by the 
singer is not a simple tone, but contains these higher 
tones mingled with the fundamental. On the other hand, 
if the same note C of 128 vibrations is produced by a 
large tuning-fork, No. I resonator is the only one that 
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responds to it; the reason is that the sound emitted by 
the tuning-fork is simple. 

280. Voice. — The human voice is produced by an ap- 
paratus of the nature of a reed-instrument. When we 
are speaking or singing, we stretch across the upper part 
of our windpipe a membrane, with a slit down the middle, 
so that the wind can only escape through this slit The 
two edges of the slit are called the vocal chords, and the 
pitch of the note that we produce depends chiefly upon 
how tight these chords are drawn. Their vibrations open 
and close the slit, so that these chords serve the same 
purpose as the vibrating spring in a reed-pipe. There is 
a large cavity at the back of the mouth and nose, which, 
together with the mouth itself, acts as a resonance cham- 
ber, like the body of a reed-pipe. We can modify its 
size and form, and thus alter the character of the com- 
pound sound which is produced. 

281. Ear. — The action of the ear is much more diffi- 
cult to explain, and there are some things about it that 
are not known with certainty. 

The outer and visible ear is so shaped as to direct the 
sound waves through a funnel upon a tightly-stretched 
membrane, called the tympanum, which completely closes 
the passage. There can be no doubt that the vibrations 
of the tympanum, produced by the variations of pressure 
of the external air, are the first step in the complicated 
actions which take place in our auditory apparatus; but 
beyond this we have little certainty as to the uses of the 
various parts. 

282. Beats. — A peculiar effect is observed when two 
pipes, or two strings, or any two sources of musical 
sound, are steadily producing two notes which are nearly 
but not quite of the same pitch. Instead of a steady 
sound we hear a succession of throbs or bursts, which 
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may be as slow as 1 or 2 per second, or so quick that we 
cannot count them. Their quickness, in fact, depends on 
the difference of their numbers of vibrations. If one of 
the two notes is 4 vibrations per second quicker than 
the other, there will be 4 bursts of sound per second. 
Each burst of sound is a sign that one of the two sources 
has gained one vibration upon the other. These bursts 
of sound are technically called beats, and the student must 
take care not to confound beats with vibrations. The 
number of beats is always the difference between the two 
numbers of vibrations. They are best heard when the 
two notes are simple and of low pitch — for example, the 
notes of two large organ-pipes — but they can be heard 
even with such compound notes as those of stringed in- 
struments ; for example, if the two wires which belong 
to the same key on a piano are a little out of tune, beats 
will be heard when the key is struck. 

283. To understand the reason of beats, we must bear 
in mind that a simple sound gives the drum of the ear a 
push and a pull alternately. When two simple sounds 
are of nearly the same pitch, it will sometimes happen 
that one is pulling while the other is pushing, so that 
their combined effect is almost nil; and at other times 
they will both push together and both pull together, so 
that the effect on the ear will be very powerful Suppose, 
for example, that one of them gives 100 pushes and 
100 pulls in the same time that the other gives 101, then 
if they begin by pushing together and pulling together, 
they will continue to do this with sensible exactness for 
a few vibrations; but the accordance will gradually be- 
come less exact, and the 50th push received from the 
first source will fall midway between the 50th and 51st 
push received from the second, so that several pushes of 
the one will be sensibly coincident with pulls from the 
20 
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other. The 100th push from the first will, however, 
again concur with the 101st push from the second; hence 
it is clear that the loudness produced by concurrence will 
occur once for every 100 vibrations of the slower source 
or every 101 vibrations of the quicker. 

384. Siren. — Figs. 146, 147 represent an instrument 




which has been very much, used for counting vibrations. 
It is called the siren. 

A round plate pierced with a number of equidistant 
boles arranged in a circle revolves rapidly. Immediately 
beneath it, and nearly touching it, is a fixed plate, with 
the same number of holes arranged in a circle exactly 
under the other circle. The holes in the upper plate will 
come opposite to the holes in the lower plate several 
times in each revolution — in fact as many times as there 
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are holes in either plate; and air from a bellows below is 
driven up through them. The issuing air accordingly 
makes as many vibrations in one revolution as there are 
holes in either plate. The number of revolutions is made 
to register itself in the following way. The upright stem 
which carries the revolving plate has a screw cut upon it, 
which engages with the teeth of a wheel, as shown in fig. 
147, and makes this wheel revolve. A hand on the other 
side of the instrument is attached to the axis of this 
wheel, and traverses a dial, with divisions marked upon 
it which correspond to revolutions of the revolving plate, 
and there is a second dial with divisions on it which cor- 
respond to whole revolutions of the first hand. These 
are shown in fig. 146* 

285. The instrument is usually constructed so as to be 
driven by the same wind that produces the sound. This 
is managed by giving a slope to the holes in the revolving 
plate, and an opposite slope to the holes in the fixed 
plate, so that the air impinges against one side of the 
holes in the revolving plate, as shown in fig. 147. The 
speed can be regulated either by the strength of the 
blast or by applying friction with the finger to the revol- 
ving stem. The siren can thus be brought into unison 
with any source of sound — a tuning-fork, for example; 
and the number of vibrations made by this source in a 
given time will thus be determined. The figures show 
two buttons, one on each side of the case containing the 
toothed wheels. By pushing one of these buttons (the 
right-hand one in the second figure) the case is pushed 
a little way to the left, and the toothed wheels are thus, 
put out of connection with the screw. By pushing the 
other button they are put into connection again. In 
making an observation to determine the pitch of a source, 
it is usual to keep the wheels out of connection till the 



siren has been brought into unison with the source, and 
then suddenly to put them into connection at an exact 
minute as shown by a watch. At the expiration of one 
minute, or any other 
time measured by the 
watch, the wheels are 
suddenly put out of 
connection again. The 
hands on the dials will 
thus be stationary 
when the readings are 
taken. One reading 
must be taken before 
theconnection is m ade, 
and another after it 
has ceased, and the 
difference of the two 
readings will give the 
number of revolutions, 
which must then be 
multiplied by thenum- 
berof holes. Thisgives 
the whole number of 
vibrations; and know- 
ing the time occupied, 
it is easy to calculate 
the number of vibra- 
tions per second. 
Fig 148 represents a stand with bellows for showing 
experiment*) with the siren or with organ-pipes. 

286. Chladiii's Figures. — Fig. 149 represents a very 
striking experiment on the vibration of a plate. A square 
plate of brass, firmly held at its centre, is bowed at one edge 
with a strong fiddle-bow rubbed with rosin, and can thus 
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be made to give several different notes, of definite pitch, 
though somewhat harsh in quality. When sand is siftetf 
over the plate it immediately runs to the nodal lines, 
and thus forms definite figures, one of which is here 




shown. These nodal lines reveal the mode in which the 
plate is vibrating. They are the places of rest (like the 
fulcrum of a see-saw), about which the portions of the 
plate oscillate, one portion going up when the adjoining 
portion goes down. When the note changes, the figure 
changes also, the figures with fewest segments belonging 
generally to the lowest notes. The production of any 
particular figure is aided by touching the plate at a 
nodal line, as is done by a thumb and finger in the 
illustration, and the bow must he applied at a dis- 
tance from nodal lines. Thick plates are the best for 
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giving figures of few segments, and thin plates are the 
best for figures of many segments. Some of the figures 
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obtained by using plates of other forms are shown in 
fig. 150. 

287. Phonograph. — Various attempts have been made 
to imitate speech by mechanical means, but none of them 
have been so successful as Edison's phonograph. This 
instrument is not constructed in imitation of the organs 
of speech. It is not even a wind-instrument, but is 
based on the principle that similar vibrations, in what- 
ever manner produced, will give similar sounds. A 
thin plate of iron, carrying a writing point, is first made 
to vibrate by the voice of a person speaking loudly with 
his mouth just in front of it The writing point, in 
consequence of the vibration of the plate to which it is 
fastened, makes indentations upon a sheet of tinfoil 
which is moved past it These indentations furnish the 
means of reproducing the spoken words. For this pur- 
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pose, it is only necessary to pass them under the writing 
point again at about the same speed as before. They 
will raise and let down the writing point and plate in 
nearly the same manner as they rose and fell before, and 
the plate, by acting on the air, reproduces the condensa- 
tions and rarefactions of the speaker's voice with suffi- 
cient power to be beard all over an ordinary apart- 
ment. 

288. Fig. 151 represents the usual form of the instru- 
ment. The tinfoil is put round the cylinder B, and 




lightly fastened to it with cement This cylinder is 
covered with a spiral groove like a screw-thread, and it is 
necessary that the writing point should always be oppo- 
site the groove. This end is attained by cutting a screw- 
thread on the axle of the cylinder, the distance between 
the threads on the axle being the same as on the cylinder 
itself. The voice is directed into the funnel A, the 
bottom of which is formed by the thin iron vibrating 
plate; and the writing point, which is of platinum, is 
fastened to the middle of this on the under side. The 
heavy frame D, which carries the funnel and vibrating 
plate, is mounted on a hinge at the bottom, and by its 
weight presses the writing point against the tinfoil. To 
prevent it from pressing the point so far down as to 
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pierce the foil, a stop is provided, which takes the weight 
when the point is at the proper depth. This stop can 
be regulated by an adjusting screw; and two other 
screws CC, which are shown in the figure, serve for 
adjusting the point to the exact centre of the groove. 
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Chapter XXIV. 

MAGNETIC ATTRACTIONS AND REPULSIONS. 
MAGNETIC NEEDLE. MAGNETIC INDUCTION. 

289. Magnets possess two well-known and very re- 
markable properties — that of attracting iron and that of 
pointing to the north. They are generally made of the 
hardest steel, and any piece of steel 
can be converted into a magnet. 

290. For showing the attraction 
of iron, magnets of the horse-shoe 
form are commonly employed, and 
small ones can be readily procured 
at toy-shops. They are generally 
furnished with a piece of iron called 
the keeper, which is firmly held 
against the feet of the magnet by 
attraction; and when the magnet 
is laid by, the keeper should always 
be in its place, as it prevents the 
magnet from losing its strength 
with time. Fig. 152 represents a 
compound horse-shoe magnet, made 
of several thin plates fastened face 
to face. These are generally more powerful than magnets 
made of one piece, because it is easier to magnetize 
thin pieces of steel than thick ones. The middle plate 
is represented as projecting a little beyond the others, and 
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s. 
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its ends are in contact with the keeper, which is furnished 
with a hook, on which 
. a heavy weight is hung 
to exhibit the lifting 
power of the magnet. 
291. For showing 
the pointing of a mag- 
net to the north, a 
straight piece of steel 
made thin and light is 
generally employed. It 
is called a magnetic 
needle. It must be bal- 
anced in such a man- 
ner that it will take 
a nearly horizontal 

position, and must be free to turn round in a horizontal 

plane, fig 153. For this purpose it is usually furnished 

with a small hol- 
low cup of steel or 

agate, which rests, 

mouth downwards, 

on a steel point. 

The lower part of 

the figure shows 

the needle as 

mounted in actual 

use; the upper part 

shows the under 

aide of the needle 

and cup. This is 

the arrangement 

adopted in ordi- wnw 

nary portable compasses like that shown in fig. 154. 
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292. We can magnetize a common sewing needle by 
drawing it several times from point to head across one 
of the feet of a horse-shoe magnet, or one end of any 
strong magnet; and we can float it in water with per- 
fect freedom to turn by running it through a little 
square pillar of cork, as in fig. 155. It will imme- 
diately turn into 
such a position that 
one of its ends 
points north and 
the other south. 
If, after performing 
this experiment, we 
draw the needle 
out of the cork 
and stroke it 10 or 12 times on the other foot of the 
horse-shoe, still stroking from point to head as before, 
we shall find, on thrusting the needle once more into 
the cork and floating it, that its position is reversed; the 
end which previously pointed to the north now points 
to the south. 

We may vary the experiment by using always the 
same foot of the horse-shoe, and comparing the effect of 
stroking from point to head with that of stroking from 
head to point; we shall find that the needle points op- 
posite ways in the two cases. We can thus reverse the 
polarity of the needle, either by stroking the needle in 
opposite directions on the same pole, or by stroking it 
on opposite poles in the same direction. If we stroke it 
in opposite directions on opposite poles the polarity will 
not be reversed; stroking from point to head on one 
pole has the same effect as stroking from head to point 
on the other pole. 

We have here used the word pole as another name for 
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some of them, will remain supported for a little while, 
and will then drop off. As long as the chain hangs 
together each of the pieces is a magnet; but their mag- 
netism is only temporary, and cannot long maintain itself 
when the influencing magnet is removed. 

298. If we try the same experiment with pieces of steel 
wire, we shall obtain an effect of the same kind, but with 
two important differences — the effect is weaker for the 
time, but more lasting. Steel, especially if of the hardest 
kind, when it has once been magnetized, retains its mag- 
netism with very little loss when left to itself; whereas 
iron, especially if of the softest kind, can retain very little 
magnetism. The degree of hardness possessed by steel 
chiefly depends on the greater or less suddenness with 
which it has been cooled. If plunged into cold water 
when at a bright red heat it becomes hard; if allowed to 
cool gradually it becomes soft. Hard steel will scratch 
soft steel, but is much more brittle. The hardness or 
softness of iron depends largely on its purity, perfectly 
pure iron being the softest and toughest of all. 

299. The fact that the pieces of wire hang together in 
a chain shows us that their contiguous ends are dissimilar 
poles. When a north pole of a magnet is presented to 
one end of a piece of wire it makes this end of the wire 
a south pole. Whichever pole is presented, the near end 
of the wire becomes a pole of the opposite kind, and hence 
it is that they attract. Magnets attract iron because the 
part of the iron that is nearest to either pole of a magnet 
becomes for the time a pole of opposite kind, and is 
therefore attracted. Some other part of the iron becomes 
a pole of the same kind as the influencing pole, and is 
therefore repelled ; but, owing to the greater distance, the 
repulsion is weaker than the attraction, and hence the iron 
upon the whole is attracted. When a piece of iron is laid 
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across the poles of a horse-shoe magnet, the part which 
touches the north pole of the magnet is a south pole, and 
the part which touches the south pole is a north pole; 
there is accordingly attraction in both places. 

The power which a magnet exercises upon pieces of 
iron in making them magnets for the time being is called 
magnetic induction; and the magnetism so produced in the 
iron is called induced magnetism. 

300. Induced magnetism may coexist with permanent 
magnetism. This can be illustrated by gradually bring- 
ing a strong magnet near a compass-needle. When the 
magnet is not very near, each pole of the magnet is seen 
to repel one pole of the needle and attract the other, but 
at very small distances either pole of the magnet will 
attract either pole of the needle. In the latter case the 
induced magnetism in the needle is stronger than its per- 
manent magnetism, and if we wish to avoid a permanent 
change in the magnetism of the needle we must perform 
the experiment cautiously, not bringing the magnet any 
nearer than is just sufficient to show the desired effect. 



Chapter XXV. 
LINES OF FILINGS. THE EARTH AS A MAGNET. 

301. Very beautiful and instructive results are obtained 
by sifting wrought-iron filings over a flat sheet of card 
with a magnet underneath it, and then giving a few taps 
to the card or to the table on which the apparatus rests. 
The filings will arrange themselves in curves in a very 
singular manner. Fig. 158 shows the effect obtained with 
a bar-magnet laid flat; fig. 159 the effect with two bar- 
magnets laid in the same line at a little distance apart, 
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with unlike poles facing each other; fig. 160 the effect 
when the poles are like instead of unlike; and fig. 161 the 



effect obtained with a horse-shoe magnet, not laid on the 
table, but fixed feet upwards, with the card above it 

302. These lines are very instructive for the informa- 
tion they give as to the magnetic force which pervades 
the region surrounding a magnet. Each of the filings is 




a little magnet, and is pointing with its poles along the 
direction of the curve which passes through it. 

If a small pocket-compass were set down anywhere in 
the field, its needle would point in the same direction as 
the lines of filings. The direction of the magnetic force 
at any point of the field is the same as the direction which 
the curves take at this point. 



The curves are closest together at the places where the 
force is strongest In those figures which contain two 
unlike poles, if we trace two contiguous hues proceeding 
from the same pole, we see that they get further apart as 
they recede from the pole, until they reach a part of the 




field that is equidistant from the two poles. From this 
point they converge again to the other pole. Where they 
are widest apart the force is weakest. 

If we continue tapping for some time, the curves close 
in towards the space between the two dissimilar poles, 
and the filings work their way to the strongest part of 
the field. 

303. Terrestrial Magnetism. — When a pocket com- 
pass is brought near a strong magnet, the needle no longer 
points north and south, but comes under the influence of 
the magnet; and if we set it down among the lines of 
filings which we have just been describing, it seta itself 
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along one of these lines. The direction in which it points 
shows us the direction of the magnetic force which pre- 
vails in the place where the needle is set down. If we 

set it down over the 
j. middle of a bar-mag- 
net, as in fig. 162, it 
will point along the 
bar as shown in the figure, its south pole pointing to the 
north pole of the magnet 

The earth is a great magnet; and we can trace the 
direction of the magnetic forces which it exerts in dif- 
ferent parts of the habitable globe by observing which 
way the needle points. 

If we travel along the earth's surface, always following 
the pointing of the needle, the line which we trace on the 
earth's surface is called a magnetic meridian. Magnetic 
north differs more or less from true north, and hence a 
magnetic meridian does not exactly coincide with a geo- 
graphical meridian such as we see marked on maps and 
terrestrial globes. 

Just as geographical meridians all meet in two points 
called the north and south poles, so the magnetic meridians 
all meet in two points called the north and south magnetic- 
poles. Both the magnetic poles have been actually found 
by navigators. The north magnetic pole is a little to the 
north of the continent of North America, near the place 
where the remains of Sir John Franklin's expedition were 
found, and is about 20° from the geographical north pole. 
The south magnetic pole lies to the south of Australia, at 
the distance of about 25° from the geographical south 
pole. 

304. If we lay a bar-magnet fiat upon a table, and 
hold a compass over one of its ends, the needle of the 
compass does not remain horizontal; one end dips down 
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and the other tilts up. If we now hold the compass over 
the other end of the magnet, the end which vrap tilted up 
before will now dip down. If we support a needle on an 
axis running through its centre of gravity at right angles, 
fg. 163, it will place itself vertically when held over 
either pole of the 
bar-magnet, hori- 
zontally when held 
over the middle of 
the bar, and slop- 
ing when held over 
any other part of 
the bar. We can 
trace out, by the 
help of such a 
needle, the curved 
lines which repre- 
sent the directions 
of the magnetic 
force at all points , 
in the space over . 
the magnet, and 
these lines will be 
almost exact copies 
of the lines formed by filings in the plane of the bar. 
305. The magnetic action exerted by the earth is 
nearly the same as would result from a very strong mag- 
net placed at the earth's centre. The curved lines of force 
due to this magnet would, some of them, pass out through 
the earth's atmosphere; and a magnetic needle tends to 
set itself along one of these lines. The magnetic poles 
of the earth are the two points on the earth's surface 
which are opposite the ends of this central magnet; and 
the needle at these two places tends to set itself verti- 
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cally. Midway between them is a belt encircling the 
earth, and lying in a plane which would bisect the central 
magnet at right angles. At places on this belt the needle 
tends to set horizontally. This belt is called the magnetic 
equator. At all other places the needle tends to assume 
a sloping position, and in Great Britain the slope- is nearly 
70°. This slope is called the dip, and in this part of the 
world it is the north end that dips. At places on the 
south side of the magnetic equator it is the south end 
that dips. The dip is 0° at the magnetic equator, and 90* 
at each magnetic pole; but the end of the needle which 
points down at one magnetic pole points up at the 
other. 

806. We are accustomed to call that end of the needle 
which points to the north the north pole of the needle. 
This is the end which dips in the northern hemisphere. 
It is therefore attracted by the northern end of the earth 
or the northern end of the central magnet. But poles 
which attract are unlike, and therefore the northern end 
of the earth, or of the central magnet, is dissimilar to the 
north pole of a needle. 

307. At places where the dip is nearly 90°, the force 
exerted upon the poles of a needle is nearly vertical, and 
its horizontal component is extremely small. At such 
places a needle balanced on the same principle as an or- 
dinary compass-needle — that is, balanced so that it will 
point horizontally, and can turn freely in a horizontal 
plane — will exhibit a very feeble tendency to point one 
way more than another. Even in our own part of the 
world the vertical magnetic force on the needle is much 
greater than the horizontal This is at once seen by the 
parallelogram of forces; for if we draw a line sloping at 
70° and complete the upright rectangle of which this 
line is the diagonal, the height of this rectangle will 
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be much greater than the base. The height represents 
the vertical magnetic force on one pole of a needle, 
the base the horizontal force, and the diagonal the total 
force. 

808. It is not easy to make experiments on dip, or on 
vertical force, without very well-constructed apparatus; 
for if the axis of suspension, about which the needle turns, 
does not pass accurately through the centre of gravity 
of the needle, the tendency of the centre of gravity to 
descend will conflict with the tendency to point in the 
direction of magnetic force, and the needle will assume 
an intermediate position. 

309. Figs. 164, 165, which are taken from Airy's 
Treatise on Magnetism, are maps of the northern and 
southern hemispheres. The thin lines represent the 
geographical meridians (represented as straight lines), 
and the parallels of latitude (represented as circles). The 
thick lines represent the magnetic meridians meeting in 
the two magnetic poles A A, and a set of curves drawn 
through places at which the dip is the same. 

310. Since a compass-needle points along the magnetic 
meridian, and a true north-and-south line is the same as 
the geographical meridian, the angle at which these two 
meridians cut one another is the difference between 
magnetic north and true north. In Great Britain the 
needle points nearly 20° to the west of true north. In 
some parts of the world it points to the east of true 
north. In some parts of the United States of America 
magnetic north and true north coincide, and this is also 
the case in some parts of Siberia and China. The differ- 
ence between true and magnetic north is called by 
nautical men magnetic variation, and by scientific men 
generally magnetic declination. It is said to be westerly 
when magnetic north is to the west of true north. 
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311. The direction and intensity of the magnetic force 
at a given place do not remain always the same. In the 
first place they undergo periodical changes depending 
especially on the hour of the day. In the second place 
they occasionally undergo very violent fluctuations, which 
are called magnetic storms, and these are usually accom- 
panied by the appearance of the aurora borealis. In the 
third place there are very slow changes going on from 
century to century. For example, about two hundred 
years ago the needle pointed due north in England, and 
previous to that time it pointed east of north. 

312. Iron objects are acted upon inductively by ter- 
restrial magnetism and made temporary magnets. If 
they remain for a long time in one position they usually 
acquire some permanent magnetism. A poker always 
kept in the same position when not in use will be found, 
in most cases, to have one end a permanent north and 
the other a permanent south pole. If the poker has been 
lying horizontally in the fender with one end to the north, 
this end will be the north pole. If it has been standing 
nearly upright the lower end will be the north pole. In 
both cases, if we compare the position of the poker with 
that of the dipping-needle, the end which points most like 
the north pole of the dipping-needle will be the north 
pole. 

313. One of the ores of iron, called magnetic oxide of 
iron, is strongly affected by magnetism, though not so 
strongly as iron itself ; and some specimens of it are per- 
manent magnets. These latter are called lodestones. 

In a later chapter we shall describe a method of making 
magnets by means of electric currents. More powerful 
magnets can be obtained by this means than in any other 
way. 

314. By using exceedingly strong magnets, it can be 
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shown that all or nearly all substances are affected by 
magnetism. Some, like iron, are attracted by a pole of 
a magnet, and others are repelled. Bismuth is a leading 
example of the latter class of bodies, nickel of the former. 
None of these bodies are. affected near so powerfully as 
iron. 



ELECTRICITY. 



Chapter XXVI. 



GENERAL PHENOMENA AND LAWS OF 
ELECTRO-STATICS. 

315. Take a stick of sealing-wax, and rub it on the 
sleeve of a coat or any piece of cloth or flannel, after first 
drying the cloth at the fire. The wax will then exhibit 
attraction for small pieces of paper lying on the table; 
they will jump up and stick to it. The same experiment 
can be performed with a piece of rosin instead of sealing- 
wax, and the material called by the names of ebonite and 
vulcanite will answer still better. Glass mav also be used, 
but more care is necessary in drying it, as the surface of 
glass has a great tendency to become coated with a thin 
film of moisture, which would prevent the experiment 
from succeeding. It is better to rub the glass, not with 
woollen cloth, but with silk, which must also be well 
dried by warming at the fire. 

S16. The attraction which these bodies, after being 
rubbed, are capable of exercising, is called electrical at- 
traction, and the bodies themselves are said to be charged 
with electricity. We do not know what electricity is. It 
is believed not to be a substance. Perhaps it is some 
peculiar kind of motion. It is better for beginners not 
to speculate too much as to what it is, but to endeavour 
to familiarize themselves with its properties, which are 
very numerous and wonderful 

22 
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317. Some substances, especially the metals, allow 
electricity to pass through them easily. They are called 
conductors. Some other substances, among which may 
be mentioned glass, sealing-wax, and indian-rubber, almost 
completely prevent it from passing. They are called in- 
sulators. 

318. There are two opposite kinds of electricity, one of 
them called positive or vitreous, and the other negative or 
resinous. The electricity of rosin, sealing-wax, or vulcanite, 
when these substances have been rubbed on woollen cloth, 
is of the latter kind The electricity of polished glass, 
when rubbed either with silk or wool, is of the former 
kind, and the name vitreous is derived from 'vitrum> the 
Latin word for glass. The two electricities are opposite, 
just in the same sense as the north pole of a magnet is 
opposite in kind to a south pole. Like poles repel one 
another and unlike attract; and just so, like electricities 
repel one another, and unlike attract 

When electricity is excited by rubbing two bodies 
together, one of them becomes positively and the other 
negatively electrified 

319. Lists of substances have been made out, arranged 
in order from positive to negative, so that when elec- 
tricity is excited by rubbing any two of them together, 
the one which stands first of the two on the list will 
become positively and the other negatively electrified. 
The fur of the cat is generally placed at the head of the 
list, standing above glass, while glass stands above 
woollen stuffs, these again stand above silk, and silk 
above sealing-wax, rosin, shellac, and vulcanite. It is a 
singular fact that roughened glass stands very low on 
the list. It becomes negative when rubbed either with 
wool or silk. 

320. The mutual repulsion of two similarly electrified 
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bodies can be conveniently exhibited by taking a strip of 
silk ribbon, doubling it so that the two ends come to* 
gether, and then stroking it briskly between the thumb 
and finger of an indian-rubber glove. The strip being 
hung up by the middle, the ends will exhibit a strong 
tendency to fly apart. 

321. Pith-balls, on account of their lightness, are 
much used for showing electric attractions and repulsions. 
If we only want to show attraction, the ball may be 
hung by any kind of thread, and the effect will be stronger 
with a cotton thread than with a silk one. If we want 
also to show repulsion, the thread must be a good insulator, 
and cotton will not do. Even silk does not always insu- 
late, as the materials used for dyeing it or bleaching it 
often give it conducting power. Raw silk, which has 
neither been bleached nor dyed, is the best, and it should 
be dried at the fire just before using. When a pith* 
ball is hung by an insulating thread of silk, the first 
effect of a strongly electrified body held near it will be 
attraction; but when it is allowed to touch this body, it 
generally flies away and exhibits repulsion. The ex* 
planation is that when it touches the body it takes to 
itself some of the electricity of the body, and then like 
repels like. The experiment sometimes fails, owing to 
leakage of electricity from the ball and suspending 
thread. To prevent leakage, the ball must have no 
roughnesses, and the thread must be a good insulator. 
When the ball retains its charge of electricity well enough 
to show good repulsion, a body electrified in the opposite 
way may be brought near it. It will then be attracted 
by this body, though repelled by the other. 

322. The experiment is most easily shown by using 
two small Leyden jars with opposite charges, holding one 
jar in each hand, with their knobs near the insulated 
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pith-ball, on opposite sides of it. It will fly backwards 
and forwards from one knob to the other with great 
activity for a long time. 

323. These experiments show that though there are 
resemblances between magnetic and electrical attractions, 
there are also great differences. A magnet does not 
first attract a piece of iron and then repel it, and a magnet 
does not lose any of its magnetism by being allowed to 
touch bodies which it attracts ; nor is any insulation re- 
quired to prevent a magnet from losing its magnetization. 

324. There is electric induction, just as there is mag- 
netic induction; and it is owing to this induction that 
an electrified body attracts pieces of paper lying on a 
table, or a pith-ball suspended by a conducting thread. 
The pith-ball is a conductor; and the electrified body 
which is brought near attracts electricity of the opposite 
kind to its own into the pith-ball, especially to the near 
side, while electricity of the same kind as its own is 
repelled out of the pith-balL 

If the pith-ball is hung by an insulating thread, the 
attraction is less marked, for in this case the ball as a 
whole does not become charged with the opposite elec- 
tricity. The further side of it becomes charged with 
electricity similar to that of the influencing body, and 
the near side with the dissimilar kind. Thus the near 
side is attracted and the far side repelled, and the motion 
of the ball as a whole results from the preponderance of 
that force which acts at the smaller distanca 

325. If two equal conductors are charged to exactly 
the same strength with opposite electricities, and are then 
allowed to touch one another, their charges will disap- 
pear. Positive and negative charges of electricity destroy 
one another. An uncharged conductor may thus be 
regarded as containing equal charges of positive and 
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negative electricity in unlimited quantity, ready to show 
themselves as soon as an influencing body is brought near. 
No distinction can be made between taking one kind 
of electricity from a conductor, and giving it the other 
kind. To take positive electricity from an uncharged 
conductor is to give it a negative charge; and to take 
negative electricity from it is to give it a positive charge. 
To take equal quantities of both from it is to leave it 
still uncharged. 

326. The power which an electrified body exercises, in 
causing its own kind of electricity to recede from the 
near side of a conductor presented to it, or, what amounts 
to the same thing, causing the opposite kind of electricity 
to come to this side, is 
called induction; and to 
distinguish it from mag- 
netic induction which we 
have already described, as 
well as from some very 
different effects which we 
shall have to describe 
later in connection with 
electric currents, it is 
called electro-static in- 
duction. 

327. The gold-leaf elec- 
troscope shown in fig. 166, 
is a convenient instrument 
for exhibiting the effects 
of induction. 

The two gold leaves which are seen opened out in 
the figure are attached at their upper ends to a brass 
rod, which comes out at the top of the instrument and 
terminates in a knob. It is supported by the glass bell- 





Fig. 106.— Gold-leaf Electroscope. 
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jar, which serves to insulate it from the earth. The 
upper part of the bell-glass is varnished, to prevent the 
deposition of moisture and preserve better insulation. 
The two rods with balls at their tops, standing up from 
the bottom of the jar, are brass rods in connection with 
the earth. They serve to increase the divergence of the 
leaves, and also to prevent the leaves from striking 
against the sides of the glass jar, which would be apt to 
cause adhesion. These two rods are not by any means 
a necessary part of the apparatus, and are very often 
dispensed with. The instrument generally requires to 
be warmed near the fire before using, but it does not 
need to be so thoroughly warmed and dried as bodies 
which are intended to be excited by friction. 

328. When it is standing on the table ready for use, 
without any electrical charge, the two gold leaves hang 
down side by side, nearly touching each other. Now 
let an electrified body be held over the top, first at a con- 
siderable height, and gradually coming down nearer to 
the knob at the top of the instrument. The leaves will 
be seen to open out more and more, and care must be 
taken not to make them open out too suddenly or too 
far, as they are easily torn. They should not be made 
to separate further than is shown in the figure. 

329. The explanation of their separation is, that the 
influencing body, which the operator holds over the top, 
repels electricity similar to its own into the leaves and 
lower part of the rod, while it attracts the opposite kind 
to the knob and upper part of the rod. The two leaves, 
being thus charged both with the same kind of electricity, 
repel each other. 

330. The next step in the experiment is to touch the 
knob for an instant with the finger while the influencing 
body is still in its place over the top. The effect is to 
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make the leaves instantly collapse, and they remain col- 
lapsed if the influencing body is kept unmoved; but if it 
is either raised or lowered they begin to open out 

At the moment of touching, a portion of electricity 
(either positive or negative, as the case may be) has escaped 
through the body of the person touching to the earth, and 
the leaves are thus left without a charge. The knob, how- 
ever, has a larger charge than it had before, and this (as 
before) is dissimilar to the charge of the influencing body. 

If the influencing body is lowered, it repels some of its 
own kind of electricity into the leaves and increases the 
opposite charge possessed by the knob. If, on the other 
hand, it is raised, it allows some of the opposite electricity 
in the knob to go down into the leaves. The leaves will 
repel each other whenever they are charged with electricity, 
no matter of which kind. When the influencing body is 
removed altogether, the leaves will open out exactly to 
the width that they stood at before the knob was touched. 

S31. Having thus given the electroscope a charge, we 
can use it to test the charge of any other influencing body. 
If the body which we wish to test has a similar charge 
to that of the original influencing body, its effect when 
brought down over the electrometer from above will be 
to diminish the repulsion of the leaves, provided we do 
not bring it so close as to make them first collapse and 
then open out again. On the other hand, if it has an 
opposite charge to the original influencing body, its effect 
even from the first will be to increase the divergence of 
the leaves. It can easily be shown in this way that when 
a glass rod or a stick of sealing-wax is electrified by fric- 
tion, the silk or flannel which served as rubber has a charge 
opposite to that of the glass or sealing-wax. In every 
mode of producing electricity, the rule is found to hold 
good that one kind is never produced alone, but an equal 
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quantity of the other is always produced at the same 
time. 

332. In touching the knob of the electroscope with 
the finger while the influencing body was near, we gave 
the electroscope (or rather the insulated conductor, con- 
sisting of the rod and leaves) a permanent charge. Any 
insulated conductor can be charged in this way, and it is 
often the most convenient method of giving a charge. It 
is called giving a charge by induction, and the charge so 
given is always opposite in kind to that of the influencing 
body which was near when the body was touched. 

333. In consequence of the self-repulsion of electricity, 
the whole charge of a conductor is driven to the surface; 
and if the conductor is of elongated form there is a great 
accumulation of electricity at its ends. If it is shaped 
like an egg, the electricity is much more abundant at 
its ends than at its sides, and more abundant at the 
little end than at the big end. If it has a sharp edge, 
like a chisel or a knife, and still more, if it has a sharp 
point, like a needle, there is an excessive accumulation at 
the edge or point, and the self-repulsion of the electricity 
thus accumulated causes some of it to be driven off into 
the air. If we want a conductor to retain its charge well, 
it should have no sharp points or edges, not even those 
small asperities which constitute roughness, but should 
be smooth and have its ends and edges rounded off. 

334. It is a difficult matter to get a conductor to retain 
a strong charge without rapid loss. Insulation is always 
imperfect, chiefly because there is almost always a little 
moisture on the surfaces of glass legs and other insulat- 
ing supports. The evil is greatly mitigated by warming 
the supports, as this drives off most of the moisture. 
When it is necessary to insulate a conductor with the 
greatest possible completeness, so that it may retain a 
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tolerably strong charge for hours with scarcely any sen- 
sible loss, as in some modern instruments for accurate 
electrical measurements, the conductor, with its insulating 
supports, is inclosed in a nearly air-tight case, and the air 
in the interior is kept dry by means of sulphuric acid, 
which has such a strong attraction for water that it soon 
deprives the air of all watery vapour. Sometimes the 
acid is exposed in a shallow dish at the bottom of the 
vessel, and sometimes pieces of pumice-stone (which is 
full of large pores like a sponge) are soaked in it and 
hung up in the interior. 



Chapter XXVII.— ELECTRICAL MACHINES. 

835. We shall now describe the ordinary frictional 
electrical machine. For many years this was simply 
called the electrical machine; but there are now so 




many other machines for generating electricity that the 
prefix frictional is necessary to prevent mistake. 



Fig. 167 represents a cylinder machine, and fig. 168 a 
plate machine. The glass plate in the latter is squeezed 
between cushions, against which it rubs when it is rotated 
by turning the handle. One pair of cushions squeezes it 
along its highest radius and the other pair along its lowest 
radius; and haps of oiled silk of quadrants! shape fastened 




to these cushions cover a portion of the glass. The cushions 
are coated before use with an amalgam made by rubbing 
together zinc, tin, and mercury in a mortar, and the elec- 
tricity of the machine is generated by the rubbing of the 
glass against this substance. Opposite to the two hori- 
zontal radii of the plate are arranged rows of brass points, 
which are plainly shown in the figure ; and the brass rods 
from which they project are fastened to the two prime 
conductors, which are also of brass, with glass legs. 
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336. The surface of the glass comes away from the 
rubbers with a strong charge of positive electricity on it, 
and this it gives up to the conductors through the brass 
points. Their action may be explained by saying that 
the positive electricity on the glass attracts negative elec- 
tricity from the prime conductors to the points, and this 
negative electricity leaks out from the points to the sur- 
face of the glass. 

It is to be borne in mind, as stated above, that for a 
conductor to lose negative electricity is the same thing as 
for it to gain positive. The result of the action is that 
the prime conductors become strongly charged with posi- 
tive electricity, and the glass passes away from the points 
with much less positive electricity upon it than it had 
when it approached. 

337. The chain which is shown resting partly on the 
floor is for the purpose of connecting the cushions with 
the earth; and while the machine 'supplies positive elec- 
tricity to the prime conductors, it supplies negative elec- 
tricity to the earth in equal amount; or we may state the 
same thing by saying that it draws positive electricity 
from the earth to give to the conductors. 

338. The cylinder machine, fig. 167, has only one 
cushion, which is on the near side, with a flap of silk 
extending from it over the top of the revolving glass 
cylinder. The prime conductor on the further side is 
furnished with points for collecting the positive electricity 
from the glass. The conductor on the near side is in 
connection with the rubber, and therefore becomes 
negative. If we want a supply of negative electricity, we 
connect the positive conductor with the earth by a chain, 
or we can collect both electricities at the same time, one 
from each conductor. 

339. When one of these machines is working properly, 



264 ELECTRICITY. 

if the finger or any other conductor connected with the 
earth is held within an inch or two of the prime con- 
ductor, a spark passes between them with a loud crack 
and a pricking sensation. The longest and loudest 
sparks are got by presenting a conductor terminating in 
a large knob. If we present a conductor terminating in 
a sharp point, there will be hardly any spark and no loud 
crack, but the electricity will pass across in a quiet and 
uniform manner like a steady stream instead of a succes- 
sion of bursts. 

340. This fact suggested to Franklin the idea of 
lightning-conductors. These are pointed rods of metal, 
which project above the top of the building they are in- 
tended to protect, and are connected by rods passing* 
along the outside of the building with the earth. They 
have a twofold office: First, they discharge a steady 
stream of electricity from the earth into the air, when a 
thunder-cloud is passing overhead. This electricity is 
opposite in kind to that of the thunder-cloud, and tends- 
to neutralize its influence. Secondly, when a flash of 
lightning occurs, it takes the easiest course to the earth, 
and thus passes through the conductor in preference to* 
striking the building. 

341. In fig. 168 a stool with glass legs is seen. If & 
person stands on this, and keeps one hand on the prime 
conductor while the machine is being turned, his body 
will become charged with electricity. No peculiar sensa- 
tion is experienced until a conductor connected with the 
earth is brought near .him, and then a spark passes 
between his body and this conductor. If a flat or 
rounded conductor connected with the earth is held over 
his head, his hair stands on end, and silent discharge 
takes place through the projecting hairs. If he holds 
his finger over the top of a gas-burner, a spark passes 
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across ; and if the gas is turned on, the spark has suffi- 
cient heating power to ignite it 

342. We have described the frictional machine first, on 
account of its great historic interest, and because it is 
the most generally known; but stronger effects of the 
same kind can now be obtained, with much greater ease, 
by means of machines which work not by friction, hut 




by electro-static induction. The best machine for most 
purposes is that known as Voss', being a modification of 
an earlier form invented by Holtz. Even the smallest 
size, with a revolving plate 10 1 inches in diameter, gives 
as powerful effects as a very large friction machine; and ' 
it is much easier to manage and keep in order. It is 
represented in fig. 169. 
23 
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necessary at the outset to employ a flat piece of vul- 
canite (or other suitable substance), which has been 
electrified by friction, and hold it at the back of the 
fixed plate opposite the highest or lowest brush, till the 
machine begins to work. 

345. When the two patches of tin-foil have acquired 
their charges, a great deal more electricity is produced 
than is necessary for keeping them up. The surplus is 
collected from the revolving plate by rows of brass 
points, just as in the friction machine. They are ranged 
along the two horizontal radii of the plate, one row col- 
lecting positive and the other negative. They are in 
connection with the two knobs C which are seen in front 
of the machine, and a brilliant discharge of electricity 
takes place between these knobs. In the above descrip- 
tion we have supposed the right-hand patch of tin-foil 
to be negative. It will accordingly attract positive 
electricity from the right-hand conductor to the points, 
through which the positive electricity will stream off on 
to the face of the plate, leaving the conductor with a 
strong negative charge. The right-hand knob will 
therefore be negative, and the left-hand knob positive. 
The knobs are at the ends of sliding rods with insulating 
handles, and can either be placed in contact or separated 
to any distance not exceeding 5 or 6 inches. They should 
be about half an inch apart at starting, and be gradually 
opened wider as the discharge becomes stronger. 

346. The Leyden jar is an instrument which is useful 
for collecting a large quantity of electricity in small 
compass. 

The essential parts of it are, two conducting surfaces 
at a small distance apart, with glass or some other good 
insulator between them. It usually consists of a glass 
jar, lined with tin-foil both inside and out, with the ex- 
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caption of the upper part, which is left bare. A brass 
rod terminating in a knob is fastened into the cork of 
the jar, and is in connection with the interior coating of 
tin-foil. 

The jar does not exhibit any peculiar properties un- 
less opposite charges are given to its two coatings. This 
is usually done by allowing the outer coating to be in 




connection with the earth, while a charge is given to the 
inner coating through the knob. The charge, as fast as 
it passes to the inner coating, attracts electricity of the 
opposite kind from the earth to the outer coating; for 
electrical attraction is exerted through glass just as well 
as through the air, and even better. 

347. For obtaining a spark from the jar, it is usual to 
employ an instrument called a jointed discharger, which 
is exhibited in fig. 170. It consists of a jointed brass 
rod, with a knob at each end, and with a glass handle or 
pair of handles. One knob must be pressed against the 
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outer coating, and then the other knob must be brought 
close to the knob of the jar. Before it has quite touched, 
a bright spark passes across with a loud report 

348. A shock can be obtained by first putting one hand 
on the outer coating and then touching the knob with 
the other hand, or a weaker shock can be obtained by 
simply touching the knob. In the first case the electrici- 
ties run from one coating to the other through the arms 
and chest, in the second case through one arm and the 
body and through the soles of the boots. A number of 
persons may obtain a shock together by taking hold of 
hands so as to form a chain. The person at one end of 
the chain must lay his hand on the outer coating of the 
jar, and keep it there till the person at the other end 
touches the knob, when all will feel the shock at the 
same instant 

349. The peculiar power which a Leyden jar possesses 
of holding a large charge depends on the attraction which 
takes place between the two opposite electricities on its 
two coatings. The thinner the glass is, the nearer will 
these two opposite electricities be to one another, and the 
more strongly will they attract each other. Hence a jar 
of thin glass will hold a larger charge than one of the 
same size of thick glass. 

If a Leyden jar is hung by its knob from the conductor 
of a machine, leaving the outer coating insulated, the jar 
cannot be charged. One coating cannot receive its charge 
unless the other coating has the opportunity of receiving 
an opposite charge. 

In like manner, when the jar has been charged, it can- 
not be discharged by touching one coating while the other 
coating is insulated. Let a strongly-charged jar be set 
upon a stool with glass legs. By touching its knob we 
shall obtain a small spark; then by touching its outer 
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coating we shall obtain a second spark, if the insulation 
is good. We may go on touching the knob and outer 
coating alternately dozens of times, getting an audible 
spark every time, and there will still be enough electricity 
left to give a powerful discharge when the two coatings 
are connected. 

350. Any instrument constructed on the principle of 
the Leyden jar is called a condenser. Fig. 171 represents 
Volta's condensing electroscope, which differs from the 

ordinary gold-leaf elec- 
troscope in having, in- 
stead of a knob, a flat 
plate of brass; and a 
second brass plate, with 
a glass handle, can 
either be placed on the 
first or lifted off. The 
faces of the brass plates 
must be covered with 
an insulating varnish, 
which prevents them 
from touching, and an- 
swers the same purpose 
as the glass of a Leyden 
jar. The backs of the 
two plates should be 
left unvarnished. Suppose we begin by removing the upper 
plate and giving the electroscope a charge in the ordinary 
way; then bring the upper plate over the top at a moderate 
distance. We shall not see much effect if we hold it all 
the time by the glass handle, but if we hold it by the 
brass so as to keep it connected with the earth it will 
exhibit a powerful tendency to make the gold leaves go 
together, and when it is set down on the lower plate the 




Fig. 171— Condensing Electroscope. 
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leaves will not exhibit any repulsion at alL This is 
because nearly all the electricity goes from the leaves to 
the lower plate, in obedience to the attraction of the 
opposite electricity of the upper plate, which has come to 
it from the earth. While the plates are approaching 
each other, each is receiving more and more electricity 
in consequence of the attraction of the other, one getting 
its supply from the earth and the other from the gold 
leaves. When the upper plate is lifted off again, the 
leaves repel each other just as vigorously as before. 

When we have a large conductor with too feeble a 
charge to affect an ordinary electroscope, we may connect 
it with one of the two plates of the condensing electro- 
scope, connect the other plate for a moment with the 
earth, then disconnect the conductor, and finally lift off 
the upper plate, when the leaves will probably bo seen to 
diverge. By proceeding in this way we give the leaves a 
charge perhaps a hundred times as strong as they could 
have obtained without, the use of the condensing arrange- 
ment. 
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351. Another example of 
electrical condensation is 
afforded by the electro- 
phorus (fig. 172). This in- 
strument consists of two 
plates, the lower one of vul- 
canite or shellac, with tin- 
foil at the bottom, and the 
upper one of brass, with a 
glass handle. We begin 
by applying friction with 
a catskin or flannel to the upper surface of the lower 
plate, which thus acquires a negative charge. We then 
place the upper plate upon it and press it closely down. 




Pig. 172.— Electrophorus. 
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In this process, the upper plate, being in connection with 
the earth, acquires a positive charge by induction; and if 
we now lift off the upper plate by its glass handle we can 
get a good spark from it We may then press it down 
again, remove it again, and get another spark, and so on, 
time after time. If the insulation is thoroughly good, 
hundreds of sparks can be drawn in this way without the 
necessity for renewing the charge on the surface of the 
lower plate. 

It might have been expected that the upper plate 
would require a coating of varnish to prevent it from 
touching the lower one; but experience shows that a 
smooth plate of metal does not easily receive electricity 




from an insulating substance. The tin-foil at the bottom 
is useful in helping the lower plate to retain its charge 
when the upper plate is lifted oft 

353. Leyden jars are sometimes combined together to 
form a Leyden battery, as represented in fig. 173. Their 
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inner coatings are connected together by brass rods, and 
their outer coatings are connected with each other and 
with the earth by means of a tin-foil lining to the box, 
which is in connection with the chain shown in the figure. 
The chain should be connected with the negative con- 
ductor of the charging machine, and the inner coatings 
with the positive conductor, if it is desired to give the 
inner coatings a positive charge. The battery can be dis- 
charged by connecting any one of the outer coatings with 
any one of the knobs by means of the jointed discharger; 
or if the Holtfc machine or Voss machine is used, the slid- 
ing knobs of the machine may be placed at such a distance 
(1 inch or so) that the. discharges will take place of them- 
selves as we go on working the machine. Great care 
must be taken not to get a shock, as it is extremely dan- 
gerous. 

The arrangement shown at E is called a quadrant 
electroscope, and is intended to show whether the battery 
is strongly charged. It consists of a pith-ball hanging by 
a straw which can swing freely, and as the charge in- 
creases the ball is repelled outwards from the upright 
stem. There is a graduated card behind the straw for 
indicating the angle of deflection. A similar instrument 
is often attached to the prime conductor of an electrical 
machine, as in fig. 168. 
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Chapter XXVIII. 
GALVANIC BATTERIES AND THEIR EFFECTS 

353. Every discharge of electricity may be regarded as 
an electric current; but we are now going to consider 
methods by which a steady electric current may be main- 
tained for a long time. Such a current bears the same 
relation to the discharge of a Leyden jar as a steady pres- 
sure does to a violent blow. All that we have said about 
the distinction of positive and negative in connection with 
the flow of electricity from one part of a conductor to 
another is equally true for these steady currents. A cur- 
rent of positive electricity flowing in one direction is to 
be regarded as the same thing as a current of negative 
electricity flowing in the opposite direction; so that if 
one person says that a positive current is flowing down a 
wire and another person says that a negative current is 
flowing up it, they are merely stating the same fact in 
different words. 

It is customary, for the sake of brevity, to designate 
the positive current as " the current," so that when we 
say " the current is flowing down " a wire the meaning is 
that positive electricity is flowing down it, or, what is the 
same thing, negative electricity is flowing up it. 

354. The easiest way to produce a steady current is by 
means of a galvanic cell, or a combination of such cells 
called a galvanic battery. In a galvanic cell, chemical 
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action takes place between a liquid and a metal — usually 
zinc — which ia partially immersed in it; and there is 
another metal, or solid conducting substance of some kind, 
also partially immersed. The zinc and the other solid 
conductor are called the two plaUs of the cell The 
plates must not be allowed to touch each other in the 
liquid; but when we want to get a current we must con- 
nect them outside the liquid. This might be done by 
letting them touch outside the liquid, but it is more usual 
to connect them by a wire, or rather by two wires fastened 
one to each plate by screw clamps or binding-screws. The 
current will flow as long as these wires are in contact, and 
will cease flowing when they are separated. It flows from 
the inactive plate through the wires to the zinc plate, and 
completes its circuit by flowing from the zinc plate through 
the liquid to the inactive plate. There, is a continual cir- 




culation of positive electricity in this direction round the 
circuit as long as the chemical action continues, or, what 
is the same thing, there is a continual circulation of nega- 
tive electricity in the opposite direction. 

356. The inactive plate is usually either of copper, of 
platinum, or of gas-carbon, that is, the carbon which is 
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deposited in the retorts at gas-works. The liquid which 
acts on the zinc is very often dilute sulphuric acid— 
1 part of acid to 6 or & of water. In some of the best 
kinds of cell there are two liquids — one in contact with 
the zinc and the other with the inactive plate, with a 
porous partition of unglazed earthenware between the 

Fig. 174 shows a battery of four cells of the simplest 
kind, each containing a plate of zinc and a plate of copper 
immersed (except their upper portions) in dilute acid con- 
tained in a glass vessel It will be observed that the cop- 
per of each cell is connected with the zinc of the next. 
The arrows show the direction of the current. 

86ft. Fig. 175 represents a very common form of bat- 
tery called Bunsen's. The zinc plate consists of a slit 
cylinder surrounding the porous vessel in which the 




carbon plate stands, the whole being contained in a glass 
vessel. The liquid in which the zinc is immersed is 
dilute sulphuric acid, and the liquid in the porous cell is 
strong nitric acid. , 

Fig. 176 represents a Darnell's cell, which differs from 
Bunsen's in the contents of the porous cell. The plate 
within the porous cell is of copper, and the liquid in 
contact with the copper is a saturated solution of sulphate 
of copper, crystals of which are seen heaped up round 



the top. These crystals are supported by a cage of copper 
wire, and are intended to keep the solution saturated. 

367. The most convenient cells for moat class experi- 
ments are the bichromate of potash bottle-cells, one of 
which is represented in fig. 177. The liquid is a solution 
of bichromate 
' ofpotash,with 
a little sul- 
phuric acid 
added. In this 
liquid two flat 

I plates of car- 

i bon are sus- 
pended, and 
between them 
I is a flat plate 
of zinc, which 
can be slid up 
and down by 
means of a rod projecting through "* SwSSl** 
the top of the cell. It is slid up 
when not it) use, and is then just clear of the liquid. By 
pushing it down (which can lie done instantaneously), the 
cell is brought into full action, and as soon as the ex- 
periment is concluded the zinc should again be raised out 
of the liquid. The cell is not suited for long-continued 
work — for such purposes Bunsen's is much better; but 
it gives very powerful effects when only used for a few 
minutes at a time. It haa the conveniences of great 
portability and of freedom from noxious fumes. 

We shall give some further explanation of the action 
of batteries later on, when we come to speak of electro- 
lysis. We shall now describe some of the effects which 
they produce. 
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Fig. 178. 




the same position. If the current is flowing from south 
to north, the north end of the needle is deflected to the 
west, and the south end to the east. We can tell which 
way the current is flowing in a wire by means of this test; 
for if the current is reversed the deflection is reversed. 

We shall also obtain deflection by making the current 
flow below the needle instead of above it. A current 
from south to north below the needle will deflect the 
north end to the east. In both cases the current would 
make the needle stand at right angles to the direction of 
the wire, were it not for the magnetic action of the earth 
which tends to keep it north and south. 

360. By experimenting with a wire and a needle in 
various positions, and 
bringing the wire some- 
times close to one pole 
and sometimes close to 
the other, we find that the 
wire exerts a sideways 
thrust upon each pole, not 
a direct push or pull, and 
always in accordance with 
the following rule : — 

Suppose yourself in the 
place of the wire, with the 
current entering at your 
feet and coming out at 
your head, while your 
face is turned toward the 
needle. Then the north 
pole will be deflected to 
your left and the south 
pole to your right The north pole receives a push 
as if you stretched out your hand and pushed it to 
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Fig. 179. 




Ampere's Rule. 
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your left, and the south pole receives a push to your 
right This rule, which is called Ampere's rule, is illus- 
trated by figs. 178, 179. The arrows along the straight 
lines show the direction of the current, and the arrows 
along the circles the direction of deflection. The letters 
N and S placed opposite the ends of the needle mean 
north and south. 

361. Another effect of a current is the magnetization 
of iron. If a current is sent through a wire which is 
coiled round a piece of iron, the iron becomes a magnet 
for the time being. The more pure and soft the iron is, 
the stronger will its magnetism be while it lasts, and the 
more completely will it disappear when the current 
stops. Steel is less affected than soft iron for the time, 
but remains permanently magnetized after the current 
ceases. 

362. The rule for knowing which end will be the north 
pole is very like the rule for deflection. Suppose your- 
self in the place of the wire that is coiled round an iron 
bar; then, if the current enters at your feet and comes 
out at your head, the north pole is to your left hand, and 
therefore the south pole to your right Or the rule may 
be stated thus. Hold the bar in front of you pointing 
left and right. Then if the current ascends on the side 
next you and descends on the further side, the north pole 
is to your left. 

363. A piece of iron with wire wound round it for the 
purpose of magnetizing it by means of a current, is called 
an electro-magnet. The wire is usually covered with 
gutta-percha, or silk, or cotton, so as to prevent the 
current from leaking across, and compel it to travel 
through the whole length of the wire. 

The horse-shoe form is frequently employed, as in fig. 
180; and the middle portion of the bar is often left bare, 
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as here represented The current is supposed to flow from 
the end of the wire marked + to the end marked - . If 
we imagine the bar straight- 
ened out by raising both ends, 
the current will bedescending on 
the near side in both portions, 
The left-hand end is according- 
ly a south pole, and the right- 
hand end is the north pole. 

364 Another common ar- 
rangement is shown in fig. 
181. It consists of two 
straight electro-magnets EE' 
side by side, with their poles pointing opposite ways, so 
that the two poles at the same end are dissimilar. The 
dissimilar poles at one end (the right-hand end in the 
figure), are connected by a short bar of iron, which ia 
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equivalent to the uncovered part of the horse-shoe in fig. 
180. At the other end there is a piece of iron A (called 
an armature), which can turn round an axis V V; and a 
spring a is constantly pulling at the end of the arm t, 
thus tending to draw the armature away from the electro- 
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magnet. When the current passes, the electro-magnet 
overcomes the resistance of this spring and draws the 
armature to itself, but as soon as the current stops the 
armature flies back. This plan is very much used for 
electric telegraphs. The two screws c and d are so ad- 
justed . that the armature is never allowed to come quite 
up to the electro-magnet, but is arrested by coming in 
contact with the end of d, while in the return it is in 
like manner arrested by c. These two stops are usually 
set so near together that the play allowed to the armature 
is very small. This renders the action quicker, which is 
very desirable in telegraphy. L and 1/ are the wires by 
which the current enters and leaves the electro-magnets; 
and it is no matter in which direction the current passes, 
the effect on the motion of the armature being pre- 
cisely the same whether the current flows from L to L' 
or from 1/ to L. 

365. The iron bar round which the coil passes in an 
electro-magnet is called the core, When rapid magnetiz- 
ation and demagnetization are required, it is advantageous 
to make the core consist not of one solid piece but of a 
bundle of iron wires. 

It is very common to speak of making and unmaking 
an electro-magnet. It is made by sending a current 
through the coil, and unmade by stopping the current. 

Electro-magnets are usually very much stronger than 
permanent steel magnets of the same size. 



ELECTRO-CHEMISTRY. 283 



Chapter XXIX. 

ELECTEO-CHEMISTEY. ELECTEOMOTIVE FORCE 

RESISTANCE. 

. 366. We now come to the chemical effects of electric 
currents, and these are closely connected with the action 
which takes place in the galvanic battery itself. The 
current is produced by allowing an acid to unite with a 
metal in the cells of the battery ; and the current, in its 
turn, is able to separate an acid from a metal. For 
example, if we dissolve the blue crystals which are called 
blue vitriol or sulphate of copper, in water, thus making a 
solution of sulphate of copper, and then dip into the solu- 
tion two wires connected with the first and last plates of 
a battery (called the poles of the battery), the acid will 
come to the wire connected with the positive pole (carbon 
or copper), and the copper will go to the wire connected 
with the negative pole (zinc). If we keep the wires im- 
mersed for some time, we shall find that the positive wire 
is being eaten away and the negative wire is gaining in 
thickness. 

367. If we dip the two wires into water containing a 
little sulphuric acid, oxygen comes to the positive wire 
and hydrogen to the negative. The hydrogen is given 
off from the negative wire in small bubbles. The appear- 
ance at the positive wire will depend on what the wire is 
made of. If it is copper, it is oxidized, and nothing very 
noticeable is seen; but if it is plabinum, the oxygen, in- 
stead of uniting with it, comes away in bubbles. The 
bubbles of oxygen and of hydrogen can be collected either 
separately or together; and in the latter case, if the mix- 
ture be fired (which is usually done by an electric spark), 
it goes off with an explosion and turns to water. The 
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process of collecting them separately is shown in fig. 182.. 
The two wires from the battery are connected to two- 
strips of platinum, over which are placed two inverted 
testrtubes completely filled with acidulated water similar 
to that contained in the vessel. The bubbles of gas 
which come off from the strips rise through the liquid. 




Fig. IBS- Vsltamura. 

and the two gases thus accumulate in the upper part of 
the tubes, the hydrogen occupying double the volume of 
the oxygen. An apparatus of this kind ia called a volta- 
meter, and it may be used for measuring the quantity of 
electricity that passes in a given time, for the quantity of 
electricity that passes is exactly proportional to the quan- 
tity of gas given off. 

368. The separation of two constituents of a chemical 
compound by means of an electric current is called eleo- 
trolysis. It has received several important industrial 
applications. Fig. 183 represents an apparatus for electro- 
gilding. A solution containing gold in union with certain 
other substances is contained in a large vessel, on the top- 
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of which rest two stout copper rods. From one of these 
is hung a plate of gold, and from the other the articles of 
baser metal which are to be gilded. The two rods are 
then connected with the terminals of a cell, in such a 
manner that the current passes from the gold plate through 
the liquid to the articles which are to be gilded. Acid 




is separated from the solution at the surface of the gold 
plate, which it gradually dissolves, while gold is separated 
from the solution at the surface of the articles which are 
to be gilded, and forms a permanent coating. Electro- 
plating is performed in a similar manner. It is neces- 
sary that the surfaces which are to be coated should be 
thoroughly cleansed from grease, otherwise the coating 
would not adhere. 

369. Electrotype is a process for obtaining copies of 
the form of a surface by means of electricity. The copies 
are usually of copper, and this is deposited on a mould 
taken from the surface which it is desired to reproduce. 
If it were taken direct from the surface itself, it would be 
convex where it ought to be concave, and vice versd. If 
the mould is of non-conducting material, it is rubbed over 
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with plumbago to give it a conducting surface. In other 
respects the arrangements are on the same principle as in 
electroplating; the liquid in the bath being a solution of 
sulphate of copper, and a copper plate being hung from, 
the rod in connection with the positive terminal. 

One of the most important applications of electrotype 
is the reproduction of wood-cuts and pages of type for 
printing. This book is printed from electrotypes. 

Another application of electrolysis is the preparation 
of metals in a state of purity. A current sent through a> 
solution made with ordinary commercial copper deposits- 
copper in a state of extreme purity, and this is largely in 
demand for electric wires. 

370. A vessel in which electrolysis is going on is called 
an electrolytic cell, and there is a very close relation be- 
tween the action in one of these cells and the action in 
one of the cells of the battery; for instance, if the electro- 
lyte is acidulated water, the weight of water that is de- 
composed into oxygen and hydrogen is ££ of the weight 
of zinc dissolved in any one cell of the battery; or if the 
electrolyte is sulphate of copper, as in the process of electro- 
type described above, the weight of copper deposited is. 
-W °* ^ e weight of zinc dissolved in any one cell of the 
battery. If the battery is a Daniell's, in which copper is 
continually being deposited on the copper plate while the 
zinc plate is dissolved, this rule is applicable to the deposi- 
tion of copper in the battery itself. 

When the current of a battery is sent through a series 
of electrolytic cells, the above rules will still be applicable 
to each cell. The quantity of copper deposited in a cell 
serves as a measure of the quantity of electricity that has. 
passed through this cell, quite irrespective of how many 
other cells are connected with it 

871. The number of electrolytic cells that can be* 
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worked in a series by a given battery depends upon what 
is called the electromotive force of the battery. 

To take the simplest case, suppose that we have a 
number of battery cells all alike, but that, instead of 
joining them up in the proper way, a* shown in fig. 175, 
we reverse the connections of a few of them; the current 
in these reversed cells will flow through the liquid from 
carbon to zinc instead of from zinc to carbon, and the 
reversed cells will be electrolytic cells. Instead of zinc 
being dissolved in them zinc will be deposited in them, 
and there will be just as much zinc deposited in one of 
these as is dissolved in one of the direct cells. 

If the cells are all alike, the number of electrolytic cells 
must be less than the number of direct cells. If the 
numbers are exactly equal no current will pass either way, 
and if we reverse a majority of the cells the current itself 
will be reversed with them. 

If the numbers are nearly equal, the current will be 
very weak and the action in each cell very slow. 

372. The statements which we have made as to the 
quantity of zinc dissolved in each cell of a battery when 
electrolysis is going on, are on the supposition that the 
battery is in proper working order. Sometimes there is a 
wasteful action which we have taken no account of, due to 
impurities in the zinc plates which give rise to local cur- 
rents between one point of the plate and another. These 
local currents complete their circuits in the individual 
cells, and contribute nothing to the general current The 
evil can be remedied by rubbing the zinc plates with mer- 
cury so as to give them a coating of amalgam. 

373. Whenever chemical combination takes place heat 
is produced; but in the ordinary use of a galvanic bat- 
tery only a portion of this heat is produced in the cells 
themselves; the rest of it is produced in the external con- 
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ductor which completes the circuit When we heat a wire 
red hot by sending the current through it, the heat that 
makes it red hot is a portion of the heat due to the che- 
mical action in the cells. 

When there are electrolytic cells in the circuit of a 
battery, the decomposition in these produces cold or uses 
up heat, leaving so much less heat for raising the tempera- 
ture of the circuit. 

For the purposes of electrotype and electroplating, the 
heat which warms the circuit represents so much energy 
wasted, and should be made as small as possible. To this 
end the number of battery cells employed should be the 
smallest that will give any current at all through the 
electrolytic cells. 

374. These discussions about electrolysis will assist the 
student to understand what is meant by electromotive force. 
When we reverse some of the cells of a battery, these cells 
exert an opposite electromotive force to the other cells, 
and the current will flow in the direction of the greater of- 
the two opposing electromotive forces. If we have two 
kinds of cell — say a set of Daniell's and a set of Bun- 
sen's — we can compare their electromotive forces by. 
finding how many of one sort are able to force a current 
against a given number of the other sort. If the current 
goes one way when we oppose 9 Daniell's to 5 Bunsen's, 
and the other way when we increase the Daniell's from 
9 to 10, we infer that the electromotive force of a 
Daniel is between J and T 5 7 of that of a Bunsen. 

375. We will now explain what is meant by electrical 
resistanca A battery gives a stronger current when its 
terminals are connected by a short thick wire than when 
this is taken away and a long thin one substituted. The 
long thin one has greater resistanca Two wires are 
said to have the same resistance if the substitution of 
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one for the other makes no difference in the current A 
long wire has greater resistance than a short one of the 
same kind, the resistance being in direct proportion to 
the length; and a thin one has greater resistance than 
a thick one, the resistance being in inverse proportion to 
the sectional area or to the square of the diameter. 
Thus if we quadruple the length and double the diameter, 
the resistance will be unchanged; but if we double both 
the length and diameter the resistance will be halved 

The material of the wire must also be taken into 
account ; a good conductor is another name for a substance 
of small resistance, and a good insulator is a substance of 
enormously great resistance. Pure copper conducts about 
6 times as well as pure iron; in other words the specific 
resistance of iron is about 6 times that of copper. Hence 
a copper wire must be 6 times as long as an iron wire 
of the same diameter, if it is to have the same resistance. 
^Resistance is affected by temperature. Metals conduct 
best when cold, but carbon conducts best when hot. 

376. The current of a battery has to make its way 
against the resistance of the whole circuit, and this in- 
cludes not only the wire which connects the terminals, 
but also the plates and the liquids in the cells. The re- 
sistance of the plates is comparatively small, but the 
resistance of the liquids often constitutes a large part 
of the whole resistance of the circuit 

It is advantageous to have the two plates in a cell 
near together; for this diminishes the resistance by 
shortening the liquid conductor along which the current 
has to flow. It is also advantageous to have plates of 
large area; for this diminishes the resistance by virtually 
increasing the sectional area of the liquid conductor. 
The electromotive force is not affected either by the 
size of the plates or by their distance; when a large cell 

25 
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is opposed to a small one of the same kind, no current 
passes either way. 

377. The quantities of heat generated by a current in 
the different parts of a circuit are proportional to their 
resistances; so that, if we have two stout copper wires 
coming from the terminals of a battery, and we connect 
them by a copper wire of half the diameter, or one- 
fourth of the section, there will be four times as much 
heat generated in an inch of this wire as in an inch of 
the stout ones; and as there is only one-fourth of the 
substance, it will rise in temperature about 16 times 
as fast, until it becomes so hot that the radiation of heat 
from its surface nearly balances the supply. 

378. The strength of the current (or the quantity of 
electricity that passes in a given time) would be doubled 
if we doubled the electromotive force without altering 
the resistance, and would be halved if we doubled the 
resistance without altering the electromotive force. 
Doubling the number of cells doubles the electromotive 
force, but it also doubles the resistance of one part of 
the circuit, namely the part consisting of the battery 
itself; the resistance of the other part — the connecting 
wire — remains unaltered, the whole resistance is there- 
fore increased, but not doubled. If the resistance of the 
connecting wire is many times greater than that of the 
battery, the whole resistance will not be much altered 
and the current will be nearly doubled. If the resist- 
ance of the connecting wire is very small compared with 
that of the battery, the whole resistance will be nearly 
doubled, and the current will scarcely be increased at all. 



Chapter XXX. 
GALVANOMETER. THERMO-ELECTRICITY. 

379. We have mentioned several effects of currents; and 
as all of these effects increase when the current increases, 
any one of them might be made to serve as an indicator of 
the strength of the current. The offect that furnishes the 
handiest means of measurement, and is most frequently 
employed, is the deflection of a magnetic needle. In- 
struments for measuring the current by this means are 
called galvanometers. They contain a coil of wire for 
the current to pass through, and a magnetic needle, 
which, in the simplest kinds, is placed in the centre of 
the coil 

380. A very rough and early form of this instrument 
is shown in fig. 184. The coil must be in a vertical 
plane, and must be placed in the magnetic meridian; in 
other words, it must be placed so that when no current is 
passing, the needle is in the 
plane of the coil. When a 
current is sent through the 
coil, the needle will be de- 
flected one way or the other 
according to the direction of 
the current In the figure, 
the northern half of the 
needle is shown dark, and 
the southern half light If 
the current is ascending in 
the near end of the coil (the 
south end), it passes over the needle from south to north, 
descends at the north end, and returns from north to 
south below the needle. In each of the four parts of 
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this course it urges the north end of the needle towards 
the west, and the south end towards the east. This is 
true for each separate convolution of the coil, and the 
forces produced by the different convolutions are all 
added together; so that 20 convolutions will produce the 
same effect as a single convolution would produce with 
a current 20 times as strong. (Hence the old name 
multiplier.) 

381. A more elaborate form of galvanometer is exhibited 
in fig. 185. The coil here is circular (its plane being ver- 
tical as before), and a gra- 
duated horizontal circle is 
provided for reading off the 
angular deflection of the 
needle. There is also an 
arrangement for turning the 
coil round a vertical axis, 
and a graduated circle for 
showing how far it has been 

i, Q -t turned, the intention being 

that it should be turned till 
it overtakes the deflected 
needle. This last arrange- 
ment is not often em- 
ployed, the coil being usu- 
ally kept in the plane of 
the magnetic meridian. 
From observing either the deflection of the needle or 
the angle through which the coil must be turned to over- 
take the needle, in an instrument of this kind, the strength 
of the current can be computed with the help of Trig- 
onometrical Tables. 

382. Another kind of galvanometer which is very much 
used is shown in fig. 166. Its needle is double. 
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ing of two needles, as nearly alike as possible, fastened 
to the same upright stem, with their poles turned oppo- 




site ways. As far as the influence of the earth's mag- 
netism upon them is concerned, they behave like a single 
needle very feebly magnetized, 
for the two needles tend to turn 
opposite ways; but they are so 
placed with respect to the coil 
that the current tends to turn 
them both the same way. This 
is explained by fig. 187, which ff~- 
shows the two needles and one n»i«.-Aitati.: »••»«. 
convolution of the coiL 

The lower needle is in the centre of the coil, as in the 
galvanometer already explained, and all parts of the coil 
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tend to turn it the same way. The upper needle is just 
above the top of the coil, and is chiefly affected by the 
current in the upper part of the coil, because this part is 
much the nearest If a and a' are the north poles of the 
two needles, and the current flows in the direction of the 
arrows, a is urged towards the back of the diagram, and 
a' towards the front. Hence a' and b will come to the 
front, and a and b' will go to the back. A double needle 
of this kind is called an astatic needle, and the galva- 
nometer which contains it is called an astatic galvano- 
meter. It is much more sensitive than the instrument 
previously described, because the opposing force of the 
earth is nearly annulled, but its indications are not so 
easily reduced to proportional measure. If the earth's 
action were completely annulled, the smallest current 
would suffice to set the needles at right angles to the 
plane of the coil. 

383. Much greater sensitiveness is obtained by the 
arrangement illustrated by figs. 188, 189. Fig. 188 
represents the galvanometer, which 
contains within the round box a coil of 
some hundreds of convolutions, with 
a very small needle fastened to a little 
glass mirror suspended in its centre by 
a silk fibre. The mirrorwith the needle 
fastened to its back is shown at M in 
fig. 189. Light from a lamp L comes 
through the hole S, and falls upon the 
mirror, which, being slightly concave, 
reflects it to a focus on the scale A A, 
where a bright image of the flame 
is accordingly seen. The smallest 
angular movement of the mirror causes a very visible 
movement of the bright image on the scale. The curved 




Fig. 188.— Thomson's Mir- 
ror Galvanometer. 
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bar M in fig. 188 is a magnet (called the controlling 
magnet), which can be raised or lowered, and turned 
round. One use of it is to bring the needle into the 
plane of the coil when the coil is not standing in the 
plane of the meridian. It is better, however, to keep 
the coil in the plane of the meridian, and then the mag- 
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Fig. 189.— Lamp, Mirror, and Scale. 



net M can be used to annul the earth's magnetism, thus 
conferring the same advantage which is obtained by the 
use of two needles in the astatic galvanometer. 

384. We must now say a few words about a method 
of obtaining currents by means of heat applied to metals. 

Take an iron wire about 6 inches long, and fasten it at 
the ends to two copper wires, each a foot or 18 inches 
, long, by twisting them together, after first making the 
ends clean and bright with emery paper. Attach the 
two free ends to the binding-screws of a delicate astatic 
galvanometer; then warm one of the two junctions — that 
is, one of the two places where we have an iron wire and 
a copper wire twisted together. This will cause a current 
to pass through the galvanometer, and the needle will be 
deflected. The elevation of temperature necessary to 
produce a visible effect depends very much on the deli- 
cacy of the galvanometer. With some galvanometers the 
warmth imparted by taking hold of the junction between 
the finger and thumb is sufficient. The needle will remain 
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steadily deflected as long as the junction is maintained at 
the same temperature, showing that the current continues 
to flow. Now remove the source of heat and leave the 
apparatus to itself; the needle will gradually return to 
zero, showing that the current gradually dies away. Now- 
warm the other junction, leaving the first cool, and the 
needle will be deflected in the opposite direction, showing 
that the current is reversed. 

385. After the experiment has been shown in a satis- 
factory way with moderate warming, we may heat one of 
the junctions till it is so hot that it would blister the 
finger. This will cause a large deflection; but, strange to 
say, if we make it still hotter, the deflection diminishes to 
nothing, and then is reversed, so that at a red heat we 
shall have a very large reverse deflection. 

Currents obtained in this way are called thermo- 
electric, and any two metals will serve. Two metals 
very frequently used for the purpose are bismuth and 
antimony. 

386. The effect can be increased by joining a number 
of pieces of the two metals in alternate succession, as 

shown in fig. 190. 
If we warm the row 
of junctions which 
lie at the top in the 
figure, the current 
will be in one direc- 
tion, and if we warm 

Pig. 190.— Thermo-electric Chain. • '. . 

the junctions which 
lie at the bottom it will be in the opposite direction. For 
bismuth and antimony the rule is, that tho current flows 
from bismuth to antimony through the warm junctions, 
and from antimony to bismuth through the cold junc- 
tions. 
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887, We cannot get thermo-electric currents without 
differences of temperature. If all the junctions were 
warmed up to the same point we should have no current 
at all. Again, it is not material whether the two metals 
are in direct contact or have a third metal between them; 
hence there is no objection to their being soldered together 
at the junctions. 

By increasing the number of junctions we multiply the 
electro-motive force in the same proportion, but the whole 
electro-motive force is generally very small With copper 
and iron it would require about 2000 junctions, one half 
of them at 0" C. and the other half at 100° C, to give the 
same electro -motive force as an average battery cell. 

388. The chief use that has been made of thermo-elec- 
tricity is the construction of an instrument which takes 
the place of a thermometer and answers , 

better than a thermometer for some pur- 
poses. It is called the thermo-pile, and is 
represented in figs. 191 and 192. 

A number of bars of bismuth and anti- 
mony are built up into a form something 
like a cube, as shown in fig 191. Each bar 
is soldered at one end to one bar and at 
the other end to another bar, in such an order that they 
form a series in which the two metals occur alternately. 
The first and last bar in the series are only soldered at 
one end, and these two bars are connected with the two 
binding-screws, which are shown projecting from the sides, 
with wires attached, in fig. 192. 

Insulating varnish is placed between the bars, so that the 
current cannot leak across, but must traverse the whole 
length of the chain and pass through all the junctions. 
The cube of bars is mounted in a case, which can be left 
open at the ends, thus exposing all the junctions. The 




thermopile is usually employed in connection with an as- 
tatic galvanometer, as shown in the figure. If both ends 
of the pile are at the same temperature there is no cur- 




rent, but a very small difference of temperature suffices 
to give a sensible deflection of the needle. 

The apparatus has been especially employed for re- 
searches on radiant heat, and one end is generally covered 
with lamp-black varnish to make it receive and give out 
radiant heat more quickly. 



Chapter XXXL— MAGNETO- ELECTRIC QUERENTS. 

389. We now come to a more important source of elec- 
tric currents— the most important source of all — mag- 
neto-electricity. 

Take a horse-shoe electro-magnet, like that in fig. 180, 
and connect the two terminals of its coil with the terminals 
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of a galvanometer at a distance of several feet; then take 
a powerful steel horse-shoe magnet, and bring its poles 
into contact with those of the electro-magnet This will 
produce an instantaneous current in the coil of the electro- 
magnet, which will be shown by a considerable deflection 
of the needle; but if the poles are left in contact the cur- 
rent does not continue. Now pull away the steel magnet, 
and an instantaneous current will flow in the opposite 
direction. The iron core of the electro-magnet is magnet- 
ized by touching the steel magnet, and loses its magnet 
ism when they are separated. The experiment accord- 
ingly shows that currents are produced in the coil of an 
electro-magnet by magnetizing and demagnetizing its 
core. The currents produced are so strong that, if a deli- 
cate galvanometer is employed, it is not safe to let the 
magnets touch — a piece of card 
must he interposed, or injury will 
be done to the galvanometer, . 

390. Another way of produc- 
ing a current in a coil is to thrust 
a magnet into the interior of the 
coil, as represented in fig. 193. 

Generally speaking, any move- 
ment of a magnet in the neigh- 
bourhood of a coil of wire pro- 
duces a current in the coil; and 
the same effect will be obtained 
if the magnet is stationary and '-JZ 
the coil'is moved. It is only the >* 
relative movement that counts. """"" " 

The quicker the motion is the stronger the current is; 
but it lasts a shorter time, and no more electricity passes 
when the motion is rapid than when it is slow; it only 
passes more quickly. 




Currents produced in this way are said to be induced, 
and the process is called magneto-electric induction. 

391. Fig. 194 represents a very common but rather 
old-fashioned form of magneto-electric machine. Some 

parta are shown on a. 
larger scale in fig. 195. 
An electro - magnet 
(shown in both figures), 
consisting of two coils 
with their cores con- 
nected at the back by a 
flat bar of i 
made to revolve rapidly 

r the poles of a ateel 

horse-shoe magnet If 

we start with the two 

immediately 

ipposite the poles of 
the steel 
magnet, a. 



induced while they are moving round from this posi- 
tion to the exactly opposite position. During the first 
half of this movement the cores are losing their mag- 
netism, and during the second half of it they are ac- 
quiring opposite magnetism to what they had before. 
The current is in one direction all this time, and during 
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the next half revolution, which brings them back into 
their original position, there is a current in the opposite 
direction. There are thus two currents in opposite direc- 
tions in each revolution, and the reversals take place at 
the moment of passing the poles. 

392. Fig. 195 shows the arrangements for leading off 
these currents into an external circuit. 

N and N' are the binding-screws for attaching the 
external wires; r and ¥ are two springs connected with 
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these binding-screws, and pressing against the revolving 
axle. E and E' are pieces of metal connected one with 
each end of the coil. During one half revolution E' is 
rubbing against r, as shown in the figure, and E against 
r*. We will suppose that during this time the current is 
passing from E' through the external circuit to E, so that 
positive electricity is collected by r and negative by r'. 
During the next half revolution E will be rubbing against 
r and E' against /, so that if the current in the coil had 
not undergone reversal the current in the external circuit 
would be reversed. But the current in the coil is reversed 
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at the same moment that these contacts are reversed, and 
thus the current in the external circuit is always in the 
_ same diroction, The spring r always col- 

lects positive and the spring r 1 always nega- 
tive electricity. This apparatus for collecting 
(Jhas currents always in the same direction is 
called a commutator. 

398. If it is desired to employ the machine 
for heating small pieces of wire, the coils 
should be of moderately stout wire ; but for 
decomposing water or giving shocks the wire 
of the coils should be very fine, so that 
there may be room for a great length of it 
A great length of fine wire gives the greatest 
electromotive force. The revolving electro- 
magnet is called an armature. Sometimes 
two different armatures are provided, one 
with thick and the other with thin wire. 
The former is then called a quantity armature 
and the latter an intensity armature. 

394. An improved form of revolving 
electro - magnet, 
called Siemens' 
armature, is re- 
presented, with its 
ria.uA-sm- commutator, in 
™"'"""" 1 figs. 196 and 197; 
and fig. 198 shows a cross 
section of it, as it? is 
mounted in its place 
in a machine where 
it revolves between i*»h*«*i* 

the two poles AB. Its advantage lies in its compact- 
ness, which allows the whole of it to be placed in a 




Ita construction 
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region of very strong magnetic force, 
is very like that of 
a shuttle, iron tak- 
ing the place of 
wood, as shown at 
a b, fig. 198, and 
wire the place of 
thread. The iron 
frame is to be re- 
garded as theeoreof 
the electro-magnet, 
and a and b are its 
poles. They ex- 
tend along its whole length, and the poles AB of the 
steel magnet extend the s; 





395. Fig. 199 represents one of the modern magneto- 



electric machines called dynamos, and fig. 200 is a section 
of the same. 

The large fiat coils which are seen, two on the left 
and two on the right, are the coils of electro-magnets, 
which take the place of the steel magnet in the machine 
above described, and are called the field-magnets because 




their purpose is to produce a very intense magnetic field 
(that is, a region pervaded by a strong magnetic force) for 
the armature to revolve in. 

The arched bars which are seen spanning the interval 
between the two upper coils, are the middle portions of 
the cores, the end portions being inside the coils. The 
current circulates in opposite directions round these two 
coils, and consequently, instead of there being a north 
pole at the extreme left and a south pole at the extreme 
right, the two extreme poles are alike, — -say both south, 
and there is a double north pole in the middle— that is, 
the curved bars are a north pole. There is another 
similar set of curved bars out of sight at the bottom of 
the machine, which constitute a south pole. The arma- 
ture accordingly revolves between a north pole above 
and a south pole below. The two left-hand coils may be 
regarded as the two portions of the coil of a horse-shoe 
magnet; for the bars round which they are wound are 
joined by the iron of the frame; and the two right-hand 
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coils form another horse-shoe magnet. We may thus 
regard the field-magnets as consisting of two horse-shoe 
magnets with their similar feet joined, these feet being 
the arched bars. 

396. The armature in this machine consists of a hollow 
iron cylinder with wire wound lengthwise over its out. 
side. It may be regarded as a combination of a number 
of Siemens armatures of the kind described above, the 
wire being wound in sections (about 16 in number), 
which are plainly seen at its end in fig. 199, and each 
section being furnished with its own separate commu- 
tator. To speak more accurately, each section is fur- 
nished with its own separate pair of metal terminals 
corresponding to E and E' in fig. 195, but much nar- 
rower, so that a pair of them, instead of occupying nearly 
the whole circumference, occupy rather less than a six- 
teenth. They are called the segments of the commutator; and 
one pair of collecting " brushes" taking the place of the 
pair of contact springs r i* of art. 392 rub against them all 
in succession. These brushes are bundles of copper wire, 
or sometimes they consist each of a thin plate of copper 
split into teeth like a comb. A brush of this latter sort 
is shown in the figure, rubbing on the left-hand side of 
the commutator at the near end of the armature, Two 
brushes of the former sort are seen in fig. 202. 

The two spherical glass vessels over the two ends of 
the axle are for holding oil to lubricate the bearings; 
and a driving-belt is seen at the far end, by means of 
which a steam-engine drives the armature 'at about a 
thousand revolutions per minute. 

397. There are different ways of supplying the coils of 
the field-magnets with the current which they require. 
One way is to make the whole current which the machine 
produces pass through them on its way to the external 
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portion of the circuit. The dynamo is then called a 
series-dyn&mo, and the machine which we have just 
described belongs to this class. Another plan is to 
divide the current into two branches, (like a river with an 
island in the middle,) the smaller current going through 
these coils, while the larger goes through the external 
circuit. Machines on this plan are called shunt dynamos. 
A third plan, earlier in date than these, is to furnish 
the current for the field-magnet coils by a separate 
machine, which may be of much less power, and may 
have steel magnets to produce its field. Dynamos which 
have their field-magnets excited in this way are called 
dynamos with a separate exciter; the other two kinds being 
self-exciting. 

398. In a self-exciting dynamo, the current is very 
weak at starting, because the field-magnets have scarcely 
any magnetism in their cores until the current has begun, 
and the current would not begin if the cores had no 
magnetism at all; but the little magnetism that is in them 
suffices to give a little current, this current makes the field- 
magnets stronger, and they in their turn make the current 
stronger. After a thousand revolutions or so, the cores 
have become as strongly magnetized as any current can 
make them. They are then said to be saturated, and the 
current thenceforward remains steady. . 

399. A machine with only the single Siemens arma- 
ture of fig. 196 gives a very jerky current; but when the 
sections of the coil and segments of the commutator are 
numerous, as in the machine of fig. 199, the current is 
nearly uniform. 

400. Another kind of armature, called the Gramme 
ring or the Pacinotti ring, is employed in the machines 
shown in figs. 202, 203. We shall explain it by reference 
to fig. 201. If an iron ring like an anchor ring, with 
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wire coiled round it, revolves in the direction of the 
arrows between the poles P P' of a magnet, there will be 
poles induced in the iron ring at F and D, the points 
immediately opposite P and P'. As these poles remain 
fixed in space, while the iron ring in 
which they are formed revolves, it 
is clear that they must travel back- 
wards through the iron of the ring. 
By so doing they generate currents 
in the surrounding coil on the same 
principle as in the experiment of 
fig. 193. As one is a north and 
the other a south pole, they generate 
opposite currents, which destroy one 
another if no way of escape is pro- 
vided; but if collecting brushes rub 
on the wire at C and E, positive 
electricity will be given off at one of 
these points and negative at the other. 
401. Practically, instead of the 
brushes rubbing on the wire they rub on the segments of 
a commutator, and the coil is divided into pairs of opposite 
sections, which are connected with these segments. The 
sections of the coil are very plainly shown in fig. 202, 
being represented dark and light alternately; the two 
brushes 1 rubbing one on the upper and the other on the 
under side of the commutator are also very distinctly seen. 
The field-magnet consists of several thin steel plates of 
horse-shoe form, with a pair of soft-iron pole-pieces, so 
shaped as nearly to surround the revolving ring. The core, 
instead of being solid like an anchor ring, is made of 
iron wire, so that it really consists of a multitude of rings. 

* The so-called brushes are really flat bundles of wires, and the rubbing is 
not against the end but against the side. 
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403. Fig. 203 is a self-exciting dynamo constructed on 
this principle, the field-magnets being at top and bottom 
with the revolving armature between them. The latter 
is driven by a belt from a steam-engine, which passes 
round the drum or pulley seen at the left hand. The 




arrangement of the poles of the field-magnets is the same 
as in the Siemens dynamo of fig. 199. 

403. All these machines give a continuous current in 
one direction, and are called direct-current machines. 

There is another class of machines giving currents first 
in one direction and then in the opposite, the reversals 
taking place some hundreds of times in every second. 



We have seen, in fact, in our study of the simplest 
forms of magneto-electro machine (art. 391), that the 
current in the coil is continually reversed; and the same 
is true of the currents in the armature-coils of all the other 
machines that we have described. It 
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simpler matter to collect alternating currents than to 
collect direct currents. 

Alternate-current dynamos are never self-exciting, for 
field-magnets will not do their duty if their magnetism is 
continually reversed. 

404. Dynamos are now used for all purposes for which 
a strong current is required. They have completely super- 
seded galvanic batteries for nearly all purposes except 



telegraphy, as they famish electricity in large quantities 
at much less expense. They are used not only for electric 
lighting and the driving of electro-motors, but also for 
electrotype and electroplating. When intended for this 
latter purpose their armatures are made of very stout 
wire with very few convolutions, so as to have very small 
resistance; while if intended for maintaining a series of 
arc lights, their armatures must have a great number of 
convolutions, so as to give very high electromotive force. 



Chapter XXXII. 
ELECTRIC LIGHT. ELECTROMOTORS. 

405. The electric lights of the present day are distin- 
guished into two kinds — arc lights 
and incandescent lights. The for- 
mer are exceedingly dazzling, and 
are apt to be fitful and nickering; 
, the latter are extremely steady and 
I pleasant, but do not yield near so 
much light for the same cost. They 
have been only recently invented, 
whereas the arc light was exhibited 
by Sir Humphry Davy at the begin- 
ning of this century. 

406. We shall describe the incan- 
descent light first, because it is the 
simplest One of the lamps is repre- 
sented in fig. 204. The light is pro- 
duced by sending a current through 
a thread of carbon, which is thus 
raised to a white heat. If this were done in air the carbon 
would instantly burn away, uniting with the oxygen of 




the air as coal does in the fire. To prevent this the car- 
bon filament is inclosed in a vacuous vessel of glass. The 
vacuum of an ordinary air-pumpwould not be good enough; 
it is necessary to obtain the best vacuum possible, and 
this is done by employing Sprengel's mercurial air-pump, 
at the same time heating the glass to drive off from it 
the film of air and moisture which adheres to it when 
cold. The current is conveyed to the carbon filament by 
means of two wires, which are sealed into the glass at 
the bottom of the lamp. 

407. The arc light, which until recent years was the 
only kind of electric fight brought into use, is produced 
by employing two rods of carbon, letting them touch for 
a moment so as to complete the circuit and allow the 
current to pass, and 
then separating them 
to a small distance. 
They do not begin to 
heat until they touch, 
the resistance of cold 
air to electricity being 
sufficient to prevent 
any discharge from 
taking place across; 
but as soon as they 
touch they are ren- 
dered intensely hot by 
the passage of the cur- 
rent; and as hot air is a 
conductor, the current 
is able to pass across 
the small space between them after they are separated. 

408. Fig. 205 shows the shape that they assume when 
the current passes steadily in one direction— namely, from 




312 ELECTRIC CURRENTS. 

the upper carbon to the lower one. The positive carbon 
becomes hollowed out like a. saucer, while the negative 
carbon becomes comparatively sharp. The hollow in the 
positive carbon is the place of greatest brightness; and as 
the lamp is usually high above people's heads the positive 
carbon is placed uppermost that people may have the 
benefit of the light from the bright crater (as the hollow- 
is sometimes called). The air between the points is in- 
tensely luminous, as well as the points themselves, and 
the bright streak formed by it is called the "electric 
arc/' hence the name of arc light 

Bright particles pass across from the positive carbon to 
the negative; and the positive carbon is found to be con- 
sumed about twice as fast as the negative. When the 
current supplied is alternating both carbons wear away 
alike. 

409. It is important to keep the carbons at exactly the 
right distance apart. If the distance varies the light will 
flicker, and beyond a certain distance it will be extinguished, 
in which case it will not begin again till they have touched 
once more. Arc lamps contain machinery of some kind 
for effecting this regulation. It differs very much in dif-% 
ferent lamps, and generally depends in some way on the, 
two following principles: — (1) that as the points get 
further -apart the current is weakened by the increased 
resistance thus introduced; and (2) that an electro-magnet 
gets stronger or weaker as the current round it gets 
stronger or weaker. 

Electromotors. 

410. We have now to explain another application of 
electric currents, which has taken a practical shape in 
recent years, and promises soon to become very important 
— the employment of electric currents to drive sewing- 
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machines, circular-saws, lathes, tricycles, tramcars, or any- 
thing else that requires forcible rotation. 

In such applications a special machine called an electro- 
motor is employed, so contrived that one portion of it is 
set in rotation by a current 

411. One of the earliest kinds is represented in 
fig. 206. 

There are four double electro-magnets, two of which 
are seen to the left and right and the other two under- 




neath; and the revolving frame between them has on its 
circumference a series of flat iron bars, which pass close in 
front of the feet of the magnets without quite touching 
them. Each magnet is made when a bar is approaching 
it and unmade just as the bar gets opposite to it, so that 
the attractions of the magnets, one after the other, on the 
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bars, force the frame round. The turning on and off of 
the currents for the different magnets, each at the proper 
time, is effected by the action of the machine itself; but 
we need not go very much into particulars, as this engine 
is now completely superseded. 

412. The electromotors now used are exactly like 
direct-current dynamos. Turn, for example, to fig. 201, 
and suppose that two wires from a battery touch the 
wire on the ring at C and E, the highest and lowest 
points. We shall suppose that the positive wire touches 
at C and the negative wire at E. Then the current will 
flow down both sides of the coil in cork-screw fashion, 
and the two half rings, CDE, CFE, will be electro- 
magnets, with their north poles at E and their south poles 
at C. The north pole E will be repelled by the north 
pole P and attracted by the south pole P'; it will there- 
fore be urged in opposition to the arrows in the figure, 
and the south pole C will also be urged in opposition to 
the arrows. This illustrates the general law that, if we 
connect the two brushes of any direct-acting dynamo with 
the positive and negative wires from an external source of 
current, the armature of the dynamo will be forced round. 

We may add that the forcing of it round calls out an 
opposing electromotive force, and that this latter must 
always be less than the electromotive force of the external 
source from which the driving current comes. 

413. When we want to employ the power of a fixed 
steam-engine, or a water-wheel, for doing work at a small 
distance, such as 20 yards, we can transmit the power by 
a long revolving shaft, or by a long driving belt; but we 
could not use a shaft or driving belt a quarter of a mile 
long. We might, however, have a large water pipe of 
this length, and make our engine force water through it 
into a high reservoir at the further end, where it might 
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be employed to turn a water-wheel as it ran away. 
This would be hydraulic transmission of power. 

414. But a still better method is, to make our steam- 
engine or water-wheel turn a dynamo, and to convey its 
current, by two stout copper wires, to an electromotor 
at the place where the work is to be done. 

We must not expect quite as much work to be given 
out by the motor as is spent in driving the dynamo; for 
there will always be some waste in the transmission of 
power to a distance. All that we have a right to demand 
is that this waste shall be made as small as possible. 
Power has been transmitted by electricity to distances of 
several miles, without the waste be 



Chapter XXXIII.— TELEGBAPHS. 

415, We will now give some account of the working 
of electric telegraphs. There are many different sorts. 
Some give their T 

signals by the de- 
flection of needles 
to one side or the 
other, on the 
same principle as 
in a galvanometer, 
but the great 
majority work by 
the alternate mak- 
ing and unmak- 
ing of an electro- '-— / ~ 

° , Fig. an.-V.br«lng Alumm. 

magnet. 

416. Fig. 207 ahows how the bell is rang which usually 
precedes the despatch of a message. An interrupted 
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current comes from the sending station, along the line 
wire, to the right-hand binding-screw p, and passes 
through the coil of the electro-magnet e, to another 
binding-screw also marked p. Thence it goes to the iron 
cylinder /, and from it through the contact-spring g> to 
the binding-screw m, and so through another wire to earth. 

But this current is of very brief duration; for the 
electro-magnet, as soon as it is made, attracts the cylinder 
/ away from the contact-spring, thus interrupting the 
current, and at the same time delivering a blow of the 
hammer K against the bell T. The current being inter- 
rupted, the magnet is unmade, and the hammer flies 
back to its former place, the lower end of its handle 
being an elastic spring, which urges it back. But as 
soon as it touches the contact-spring, the current comes 
on again, and the hammer is again jerked forward. It 
thus flies .to and fro continually, till the current is turned 
off by the operator, and then the message is sent 

417. Fig. 208 is the key for sending the message. The 
button K is of insulating material The lever A and the 
pillar which supports its fulcrum are of brass, the points 
c and a of platinum, and the knobs d b of brass, the stand 
being of wood. The lever is worked by pressing down 
the button K, and as soon as the finger is removed the 
spring / forces the lever up again. The lever is in per- 
manent connection (through its supporting pillar) with 
the line wire L, which connects it with other stations. 
When left to itself, as shown in the figure, the lever is 
also in connection with the wire R, which leads from b 
to the receiving instrument ; and it is left in this position 
when a message is being received from another station. 

When the button K is pressed down, c comes into con- 
tact with d, and the lever is thus brought into connec- 
tion with the wire P, which leads to the battery. Ac- 
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cordingly, so long as the key is down, the battery is in 
connection with the line wire; and as long as the key is 
up, the connection is broken. Currents are therefore 
sent by pressing down the key, and stopped by letting 
the key spring up again; and each current will last just as 




Fig. 208.— Morse's Key. 

long as the operator keeps the key pressed down. In send- 
ing messages, there are two lengths of signal employed. 
One of the two is as short as it can be made, and is called 
dot; the other is a little longer, and is called dash They 
can in fact be made to print dots and dashes on a strip 
of paper, at the station at which the message is received. 
418. In the telegraphic alphabet, each letter is repre- 
sented by its own special combination of dots and dashes, 
according to the following scheme : — 





Morse's Alphabet. 




A — 


K 


U 


B 


L 


V 


C 


M 


W 


D 


N — 


X 


E- 





Y 


F 


P 


Z 


G 


Q 




H 


R 


Understood 


I-- 


S--- 




J 


T — 





419. We will now trace the action of these currents at 
the receiving station. 

Fig. 209 represents one of the simplest forms of receiv- 
ing instrument — the Morse recorder. The currents 
enter by one binding-screw, and, after traversing the 
coil of the electro-magnet, go out through the other 
binding-screw to earth. The electro-magnet, whenever it 
is made, pulls down by its attraction the short arm of a 




lever, which carries, for this purpose, a flat bar of iron, 
just above the cores of the electro-magnet. The long 
arm of the lever is thus forced up, and a writing point 
which it carries is forced against a moving strip of paper, 
which is thus written on or indented. An opposing spring 
pulls down the long arm of the lever as soon as the 
current stops, and there are two adjustable screws over 
the lever, for regulating the amount of its play, which is 
always very small. The strip of paper is drawn uniformly 
on by clockwork, so that the length of the scratches 



made by the writing point is an index of the length of 
time the currents last. 

More frequently, instead of a scratching point, there 
13 an ink-writer consisting of a sharp-edged wheel, which 
writes with its edge, and is kept inked by means of a 
roller covered with a kind of printing ink. 

The messages can he heard as well as seen, and very 
often they are read off by ear without any recording 
apparatus. A dot is heard as two blows near together, 
and a dash as two blows with a longer interval between. 

420. Great use is made, in telegraphing over long dis- 
\, of an apparatus called a relay, which is well illus- 




trated in fig. 210. Its object is to make strong currents 
take the place of weak ones. Currents which have trav- 
elled so far as to have lost much of their strength arrive 
by the wire marked " line," enter the key at c, pass out at a, 
-and then through the electro-magnet of the relay to earth. 
This electro-magnet has the duty of moving a small up- 
right lever through a very small distance, just far enough 
to make the upper end of the lever move across from one 
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of two stops to the oppoeite one. It thus completes the* 
circuit of a battery kept for this purpose, called the local 
battery. When the current from the line stops, the small 
lever in the relay is pulled back by a very weak opposing 
spring, and the current of the local battery is interrupted. 
The weak currents from the line are thus reproduced in 
the shape of the strong currents of the local battery, 
which may be employed to work a Morse recorder, as in 
the figure, but are also very frequently employed to carry- 
on the message to 
other stations — 
hence the name relay, 
from the analogy of 
relays of post horses. 
421. Telegraph 

kinds — air wires and 
i underground wires. 

iir wires are sus- 
pended on posts by 
means of insulators, 
which are usually of 
porcelain, and shaped 
like inverted cups. 
One form of them is 
shown in fig. 211, 
The inside of the- 
cup is not wetted by 
rain, and there is, ac- 
cordingly, a considerable breadth of dry surface across, 
which the electricity would have to pass before it could 
escape. 

Underground wires are covered with a preparation of 
gutta percha and buried in iron pipes, from which they 
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can be drawn out when examination is necessary. They 
have the advantage of being unaffected by snow-storms 
and gales of wind, which often cause a complete interrup- 
tion of telegraphic communication when air lines are em- 
ployed; but they are less favourable for quick signalling, 
owing to the induction which takes place between them 
and the earth by which they are surrounded. 

422. It is not usual to employ two wires, so as to have 
a complete metallic circuit, in sending telegraphic currents. 
A single wire suffices; but the battery which sends cur- 
rents into the wire from one of its terminals must have 
its other terminal connected with the earth, and it gives 
as much electricity of one kind to the earth as it gives of 
the other kind to the wire. 

The receiving instrument must also have a wire lead- 
ing to the earth through which the current can escape 
after doing its duty. The best earth-connections are ob- 
tained by soldering the earth-wires to the large iron pipes 
which supply towns with water. Failing these, an iron 
pump or iron gas-pipes may be used; and when none of 
these are available, the earth wire is usually soldered to a 
large plate of iron buried in the earth at a sufficient depth 
for the soil round it to be always moist 

423. Velocity of Electricity. — The velocity with which 
electricity travels along a wire cannot be stated as defi- 
nitely as the velocity with which sound or light travels 
through the air. 

When the distance is great, and the wire is buried in 
the earth or in the sea, it is found that, on putting one 
end of the wire into connection with a battery, the effect 
at the other end does not begin suddenly, but gradually 
increases from nothing to its full strength. The earliness 
of the first observable effect will therefore depend very 
much upon how weak a current the receiving instrument 
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is able to show, and also very much upon the violence of 
the original disturbance; for example, the discharge of a 
Leyden jar or a Kuhmkorff coil would produce an ear- 
lier indication than a current from a galvanic battery. 

It is not necessary, in making such observations, that the 
two ends of the wire should be far apart, for, by employ- 
ing a return wire, we may have them in the same room,, 
although the current has to cross the Atlantic and return. 

The signals will be received earlier if the wire be not 
submerged but suspended in the air; and Wheatstone, by 
employing two coils of wire a quarter of a mile long, and 
discharging a Leyden jar through them, found a velocity 
much greater than that of light His experiment is 
memorable, not only as being the earliest measurement 
of the velocity of electricity, but still more for his inge- 
nious device of "the rotating mirror," which has ever since 
been recognized as an important instrument of physical 
research. We have described one of its applications in 
art 244. 



Chapter XXXIV. 
ETJHMKOKFF COIL. TELEPHONE. 

424. We will now describe an instrument which is very 
much used for producing electric sparks. It is called 
KuhmkorfFs induction coil, and its external appearance 
is shown in fig. 212. The following is its construction.* 
b and b' are two binding-screws for attaching wires from 
a battery. They are the terminals of a coil of moderately 
stout wire called the primary coil, which surrounds a core 
consisting of a bundle of straight iron wires. The end of 
the core is visible in the figure. The circuit is made and 
broken by the movements of the portion of the apparatus, 
shown at L, which vibrates to and from the core when* 



the instrument is working. The circuit is completed by 
the dipping of a point into the mercury M, and is broken 
when this point leaves the mercury as the piece swings 
over towards the coil Very often, instead of a point dip- 
ping into mercury, there is a platinum point which makes 
contact with another piece of platinum. The principle, in 




either case, is the same as in the telegraphic alarum which 
we described in art. 416, the movements being produced, 
as there, by the attraction of the core when the current 
passes and the elastic rebound of a spring when the cur- 
rent stops. 

425. Outside this primary coil is wound a much longer 
coil— often some miles long— of very fine wire, called the 
secondary coii, and it is this- secondary coil that gives the 
spark. It sends come to the brass terminals A and 6, 
which have binding-screws, to which two short wires are 
usually attached, and between the ends of these wires, if 
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they are not too fax asunder, a spark will pass every time 
the primary circuit is broken. If, instead of taking a spark 
between the two wires, we join their ends so as to close the 
secondary circuit, there will be a current in one direction 
in this circuit produced by the sudden magnetization of 
the core, and a current in the opposite direction produced 
by its sudden demagnetization; but owing to an action 
called self-induction, which is very marked in coils with a 
great many convolutions, the current at making is com- 
paratively gradual in its origin and cessation, whereas the 
current at breaking is extremely short and sudden. The 
same total quantity of electricity passes in both cases, but 
there is much greater electromotive force in the second 
case than in the first. Accordingly, the spark which is 
obtained between the terminals of the secondary coil in 
the ordinary use of the instrument is obtained only on 
breaking and not on making the primary circuit. 

426. At the nearest corner of the apparatus is seen the 
commutator C, with a contact spring pressing against it 
and a milled head for turning it. By turning this the 
current of the battery can be turned on and off, and can 
also be reversed. 

It is not safe to take a shock from a Euhmkorff coil; 
as even a momentary shock from one will cause a person 
to drop down senseless, unless the coil is very small. 

427. KuhmkorfFs coil is very much used for showing 
electric discharge in rarefied gases. An electromotive 
force that will give only a quarter-inch spark in air at at- 
mospheric pressure, will give a spark about a foot long in 
highly rarefied air or any highly rarefied gas; and glass 
tubes are manufactured which, after having platinum 
wires let into them at both ends, are filled with some 
gas and then hermetically sealed. The terminals of the 
secondary coil are connected with the two platinum wires; 



and aa soon as the current of the battery is turned on, 
the discharge passes. The light is too faint to be well 
seen by daylight, but it presents a beautiful appearance 
in the dark, and bears a strong resemblance to the 
aurora borealis. 

428. We will now give some account of the means by 
which speech is reproduced at a distance in the tele- 
phone. 

We will first describe the receiving instrument. Fig. 
213 represents the form of it originally introduced by 
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the chief inventor of telephony, Professor Graham Bell, 
and fig. 214 is a section. 

D D is a steel magnet of cylindrical form, and C is a 
coil of extremely fine copper wire surrounding one end 
of it, the two ends of this coil being in connection with 
the binding-screws E E. A current passing in one 
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direction will strengthen, and in the other direction will 
weaken, the attraction of the magnet upon the thin iron 
plate B B, called the diaphragm; and if the currents 
succeed each other with sufficient quickness, the small 
movements of the plate to and from the magnet will give 
rise to sound, which may be heard by a person placing 
his ear at the opening A A. 

429. If we connect the two binding-screws with a 
battery, we hear nothing so long as the current is steady; 
but when it is suddenly interrupted by breaking connec- 
tion, we bear a sound from the diaphragm, loud enough 




to be heard at a distance of some yards; and a similar 
sound is heard at the moment of making connection. If 
we make and break connection by means of a vibrating 
spring which makes 500 vibrations per second, we hear 
a note of 500 vibrations per second, because the diaphragm 
makes the same number of vibrations as the spring, 
being compelled to do so by the varying attraction of 
the magnet 

430. If we arrange a circuit as in fig. 215, where P is the 
symbol for a battery, T is a telephone, and C C C" are 
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three bright copper or brass nails, one of which completes 
the circuit by resting on the other two, sounds will be 
audible in the telephone not only when this nail is lifted 
off and put on again, but also when it is made to tremble 
by any kind of disturbance. The sounds are produced 
in this last case by variations of resistance at the points 
of contact of the nails, a resistance which is considerable 
by reason of the smallness of the area of contact, and 
the intervention perhaps of a thin layer of air. This 
resistance is diminished by pressing the nails together, 
and increased by relieving their pressure, so that any up- 
and-down trembling causes variations of the current; and 
these cause variations in the attraction of the magnet 
upon the diaphragm. The sounds thus produced are not 
audible at a distance, but 
they can be heard by 
holding the telephone to 
the ear. An arrangement 
of this kind is called a 
microphone, and instead 
of employing a metal for 
making the contacts, it 
is found better to use 
carbon. 

431. This is the prin- 
ciple of the sending in- 
strument in all the best 
telephones now in use. 

Fig. 216 shows how the carbon contacts are arranged 
in the Gower-Bell pattern. Eight sticks of carbon, one 
of which is shown full-size at the bottom, have their 
ends loosely inserted in holes in carbon blocks. Four of 
these blocks are attached to a strip of copper S, four 
others to a similar strip on the other side S', and another 





Fig. 216.— Part of Sending Instrument. 
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block with 8 holes in it stands in the centre and is 
insulated. The current from the battery has to pass 
from one of the two copper strips to the other through 
the carbons; and the copper strips and central block are 
fastened to the under side of a thin board, which is 
shaken by the voice of the speaker. The variations in 
the current thus represent, with more or less exactness, 
the variations in the pressure of the air produced by the 
speaker's voice; and if a telephone is included in the 
circuit, its diaphragm will give forth an imitation of the 
spoken sounds. It is found, however, that more distinct 
speech is obtained by the addition of a small Ruhmkorff 
coil (see art. 424). The variable currents which we have 
been describing go through the primary coil, which has 
no direct communication with the line wire, and the 
currents which are transmitted to the receiving station 
ore the secondary currents. 
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A. 

Aberration, 198. 

— chromatic, 187. 

— spherical, 152. 

Absorption and emission, 122-123. 
Acceleration, 56-57. 
Achromatism, 187. 
Action and reaction, 29. 
Advantage, mechanical, 32. 
Air, weight of, 81. 
Air-chamber, 74. 
Air-pump, 85-91. 
Alternating currents, 309. 
Amalgamation of zinc plate, 

287. 
Ampere's rule, 279. 
Aneroid barometer, 83. 
Annealing, 26. 
Apparent expansion, in. 

— size, 181. 
Arc-light, 311. 
Archimedes' principle, 97. 
Arm, 32. 

Armature of magnet, 281. 

— of magneto -electric machine, 

302. 
Astatic needle, 293. 
Astronomical telescope, 182. 
Atmosphere, pressure of, 64. 
Atmospheric refraction, 166. 
Atoms, 26. 
Attraction, electrostatic, 253. 

— gravitational, 18. 



Attraction of magnet for iron, 242. 
Axis and axle, 36. 



B. 

Balance, 34. 
Balloons, 96. 
Barometer, 79. 

— used for measuring heights, 81. 
Battery, galvanic, 274-277, 289. 

— of Leyden jars, 272. 
Beats, 228. 

Bismuth repelled by magnet, 252 

Boiling-point, no, 131. 

Bottle cell, 277. 

Boyle's law, 84. 

Bramah press, 78. 

Breaking contact, 324. 

Bubbles, 102. 

Bunsen's cell, 276. 

Buoyancy, 94-100. 

Burning glasses, 176. 

Burst bladder, 93. 

c. 

Camera obscura, 177. 

Capillarity, 82, 100-103. 

Capstan, 36. 

Caustic, 198. 

Cell, galvanic, 274-277, 289. 

Centigrade scale, no. 

Centre of gravity, 39. 
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Centrifugal force, 59. 

Chladni's figures, 233. 

Chromatic aberration, 187. 

Clarke's machine, 300. 

Coin in basin, 163. 

Colloids, 104. 

Colour, 193. 

Combination, heat of, 288. 

Combustion, 21. 

Commutator, 301, 305, 308, 324. 

Composition of forces, 47. 

motions, 57. 

Compound sounds, 209. 
Compression of gases, 23, 84. 

liquids, 23-25. 

Compression-pump, 88. 
Concave lens, 172, 175. 

— mirror, 151. 
Condensers, electric, 270. 
Conduction of heat, 118. 
Conductors, electrical, 254, 289. 

— lightning, 264. 
Conjugate foci, 155. 

— mirrors, 213. 
Convection of heat, 121. 
Converging and diverging lenses, 

172-174. 
Convex lenses, 170-178. 

— mirrors, 157. 

Core of electro-magnet, 282. 
Critical angle, 161. 
• Critical point of a gas, 133. 
Current, direction of, 274, 275. 

— measurement of, 291. 



D. 

Daniell's cell, 277. 
Declination, magnetic, 249. 
Deflection of needle by current, 

278-280. 
Density, 21. 
Deviation, minimum, 169. 



Dew, 124. 

— point, 124. 

Dialysis, 104. 

Diamagnetic bodies, 252. 

Diffusion, 103. 

Dip, 248. 

Discharge in rarefied gases, 324. 

Discharger, jointed, 268. 

Distillation, 128. 

Distribution of electricity, 260. 

Divisibility, 27. 

Double-weighing, 35. 

Drops, 102. 

Dynamics, 29. 

Dynamo machines, 303-310. 



E. 

Ear, 228. 

Earth as magnet, 246-251. 

— instead of return wire, 321. 
Echo, 213. 

Elasticity, 22. 

— of air, 84, 92. 
Electric light, 310-312. 

— spark, 268. 
Electrical machine, c6i. 
Electricity, 253. 
Electrolysis, 283-288. 
Electro-magnets, 280-282. 

— metallurgy, 285. 

— motive force, 287-290. 

— motors, 312-315. 
Electrophoms, 271. 
Electroscope, 257, 270, 273. 
Elements, chemical, 22. 
Emission and absorption, 122-123. 
Energy, 31. 

Equator, magnetic, 248. 
Equivalents of heat and work, 135. 
Ether, evaporation of, 118. 
Evaporation, 117. 
Expansion by heat, 107. 



IttDBX* 



331 



Expansion of air, 92, 112. 

liquids, 112. 

Eye, 179. 

F. 

Fahrenheit's scale, no. 

Falling bodies, 56. 

Field magnets, 304. 

Filings around magnet, 241, 244. 

Fire-engine, 73. 

Fixed points of thermometers, 109. 

Fizeau's toothed wheel, 199. 

Floating, 94. 

— of swimmers, 100. 
Fluids, 63. 
Fluorescence, 195. 
Focal length, 176. 
Focus, principal, 152, 171. 
Foot-pound, 29. 

Force, 29. 

Foucault's method, 201. 
Franklin's experiment, 128. 
Freezing-point, 109. 
Friction, 37, 52. 

— and heat, 38, 134. 

electricity, 253. 

Fundamental tone, 219. 
Fusion, 116. 



G. 

Galilean telescope, 184. 
Galvanism, 274. 
Galvanometer, 291-295. 
Gamut, 216. 
Gases, 21. 

Geissler's tubes, 324. 
Glass, expansion of, 112. 
Gold-leaf electroscope, 257. 
Gramme's machine, 307. 
Gravitation, 18, 62. 



Gregorian telescope, 186. 
Guinea and feather experiment, 57. 



H. 

Hardness, 25. 

Harmonics, 220. 

Heat and energy, 134. 

Heat, quantity of, 114. 

— specific, 115. 

Heating by currents, 278, 288, 290. 

Height measured by barometer, 81. 

boiling-point, 131. 

Herschelian telescope, 185. 
Hoar-frost, 124. 
Holtz's electrical machine, 265. 
Horse-power, 31. 
Humidity, 125. 
Hydraulic press, 76-78. 
Hydrometer, 99. 
Hydrostatics, 63. 
Hygrometry, 124. 
Hypsometer, 131. 



1. 



Ice, 116. 

Illumination, 143. 
Images, 144, 154. 

— brightness of, 176. 

— size of, 155, 175. 
Immersed bodies, 97. 
Impact, 54. 

Incandescent light, 310. 
Incidence, angle of, 144. 
Inclined plane, 50-53. 
Index of refraction, 160. 
Induced currents, 300. 
Induction coil, 322. 
Induction, electrostatic, 256-260. 

— magnetic, 241. 

— magneto-electric, 300. 
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Inertia, 17. 
Insulation, 260. 
Insulators, 254, 32a 
Intensity of sound, 208. 
Intervals, musical, 214-217. 
Inverse squares, 18, 143. 



J. 

Jar, Leyden, 267. 
Joule's equivalent, 135. 
Jupiter's satellites, 196. 



K. 

Kaleidoscope, 151. 
Kinetics, 56-62. 



Latent heat, 116-118. 

Lens, centre of, 175. 

Lenses, 170. 

Levels, 67-69. 

Lever, 32. 

Leyden jar, 267. 

Light, 139. 

Lightning, 264. 

— conductors, 264. 

Lines of magnetic force, 245. 

Liquefaction of gases, 133. 

Liquids keep their level, 66, 94. 

Local action, 287. 

Lodestone, 251. 

Loudness, 208. 



M. 

Machines, electrical, 261-267. 
— magneto-electric, 300-310. 



Magdeburg hemispheres, 93. 
Magic lantern, 178. 
Magnetic induction, 241. 

— meridians, &c, 250. 

— needle, 238. 

— variation, 249. 
Magnetizing, 239. 
Magneto-electricity, 298-3 10. 
Magnets, 237. 

— broken, 240. 
Magnification, 181. 

— by lens, 176. 

— by telescope, 182. 
Mariotte's law, 85. 
Mass, 19-21. 
Mechanical advantage, 31. 

— equivalent of heat, 135. 
Mechanics. See Dynamics. 
Meniscus lenses, 170. 
Mercury, expansion of, 112. 
Meridian, 246, 249. 
Microphone, 326-327. 
Microscope, 188. 
Minimum deviation, 169. 
Mirrors, parabolic, 151, 212: 

— plane, 144-151. 

— spherical, 151-157. 
Mixture of colours, 193. 

— of gas and vapour, 130. 
Molecules, 27. 

Moment of force about axis, 37. 
Morse alphabet, 317. 
Multiple images in plate, 165. 
Musical intervals, 214. 

— sound, 209. 



N. 

Needle, magnetic, 238. 
Neutral equilibrium, 41. 
Newtonian telescope, 185. 
Nodal lines, 233. 
Nodes, 219, 222. 
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O. 

Octave, 214, 215. 
Ohm's law, 290. 
Opera glasses, 184. 
Organ pipes, 220-225. 
Overtones, 219. 

P. 

Papin's digester, 132. 
Parabolic mirrors, 151, 212. 
Parallel forces, 39. 

— mirrors, 149. 
Parallelogram of forces, 48. 
Pencil of rays, 139. 
Pendulum, 60, 210. 
Penumbra, 141. 

Period of vibration, 207. 

Phonograph, 235. 

Photography, 178. 

Photometry, 143. 

Piezometer, 24. 

Pipes of organs, 221-225. 

Pipette, 70. 

Piston, 73. 

Pitch, 213. 

Pith balls, 255. 

Plane mirrors, 144-151. 

Plate, refraction through, 163. 

— vibrations of, 233. 
Plunger, 77. 
Pneumatics, 63. 

Points discharge electricity, 26a 
Poles, magnetic, 246. 

— of magnets, 239, 248. 
Positive and negative electricity, 

256. 
Power, 31. 
Pressure, hydrostatic, 63. 

— amount and intensity of, 63. 
Principal focus, 152, 171. 



Prism, refraction through, 167. 
Projectiles, 57. 
Propagation of sound, 205. 

through tube, 209. 

Properties of matter, 17-28. 
Pulleys, 44-46. 
Pumps, 71-74. 77. 
—■ air, 85-91. 

Q. 

Quantity of heat, 114. 
R. 

Radiation, 121. 

Rain and snow, 125. 

Ray, 139. 

Reaction equal to action, 29. 

Reed pipes, 223. 

Reflection of light, 144. 

sound, 212. 

Refraction, 157. 

— index of, 160. 
Relay, 319. 

Resistance, electrical, 289. 
Resonance, 225. 
Resonator, 227. 
Resultant, 47. 
Rigidity, 22. 

Ripples, 210. 

Rope shortened by wetting, 105. 
Rotating mirror, 201, 322. 
Ruhmkorff coil, 323. 

s. 

Safety-lamp, 119. 
Scales for weighing, 34. 
Scales, thermometric, no. 
Screw, 54. 

— press, 55. 
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Secondary coil, 323. 

— currents, 324. 
Self-induction, 324. 
Shadows, 141. 
Shock, electric, 269. 
Shrinking and swelling, 104. 
Siemens' dynamo, 303. 
Simple pendulum, 60. 

— waves, 210. 
Siphon, 74. 

— barometer, 82. 
Siren, 230. 
Slide-valve, 136. 
Sound, 202. 
Sounding-board, 218. 
Spark, electric, 268. 
Speaking-tubes, 209. 
Specific gravity, 98. 

— heat, 115. 
Spectacles, 177. 
Spectroscope, 195. 
Spectrum, 191. 

— dark ends of, 195. 
Speculum, 185. 
Spherical mirrors, 152. 
Spheroidal state, 134. 
Spirit-level, 68. 
Sprengel's air-pump, 91. 
Squares, inverse, 143. 
Stable equilibrium, 41-44. 
Statics, 29-56. 

Steam, 117. 

Steam-engine, 135. 

Steel, magnetic properties of, 242. 

Steelyard, 32. 

Strength of materials, 25. 

Strings, vibrations of, 217. 

Suction, 70-72. 

Sun, image of, 153. 

Superheated vapour, 127. 

T. 

Telegraph, 315-322. 



Telephone, 325-328. 
Telescope, 182. 
Temperature, 106. 
Tempering, 26. 
Tenacity, 25. 
Terrestrial magnetism, 246. 

— telescope, 184. 
Thermo-dynamics, 38, 134-135. 
Thermo-electricity, 295-298. 
Thermometer, 106, 109. 
Thermopile, 297. 
Torricellian experiment, 80. 
Total reflection, 160. 
Transmission of pressure, 65, 76. 
power, 315. 

Tubes, propagation of sound 
through, 209. 

— overtones of, 221. 
Tuning, 217. 

Two liquids in bent tube, 69. 



u. 

Undulation, 205-208. 
Uniform acceleration, 56-57. 
Unison, 213. 
Unstable equilibrium, 41, 43. 

V. 

Vaporization, 117. 
Vapours, laws of, 126-130. 
Velocity of electricity, 321. 

light, 196. 

sound, 202. 

Vibration, 61. 

Virtual images, 156. 

Vitreous and resinous electricity, 

254. 
Voice, 228. 

Voltameter, 284. 

Voss' electrical machine, 265. 
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W. 

Water-hammer, 127. 

Water, heat of vaporization of, 117. 

— latent heat of, 116. 

— specific heat of, 116. 

— thermal properties of, 118. 
Wave-length, 207. 

of sound, 208. 

Wave motion, 205-208. 
Wedge, 53. 



Weighing in water, 97. 

Weight, 18-21. 

Wet and dry bulb, 125. 

Wheel and axle, 35. 

Whirling vessel, 59. 

Winch, 36. 

Wind instruments, 220. 

Winds, cause of, 113. 

Wire-gauze and flame, 120. 

Work, 29. 

— principle of, 31, 46, 51. 
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